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ABSTRACT 
The energy demand of the nation is growing rapidly as Malaysia thrusts forward towards 
becoming a developed nation. Generation of electricity is still heavily dependent on 
combustion of fossil fuels such as natural gas and coal. The emissions from the combustion 
of fossil fuels have led to serious environmental and climatic problems such as global 
warming and air pollution. The depleting nature of fossil fuels adds further constraint to the 
utilization of these fuels in meeting the nation’s future energy needs. The problems 
associated with fossil fuels initiated the interest to explore alternative energy sources that 
are more environmentally friendly and sustainable for electricity generation. Since Malaysia 
is located near the equator with monthly average daily solar irradiation of approximately 
4500 Wh/m
2
 and average sunshine duration of up to 8 hours, the utilization of solar energy 
for electricity generation has great prospects. The photovoltaic-based electricity generation 
system (PVEGS) converts sunlight into electricity using photovoltaic (PV) modules. 
However, sunlight is not available continuously throughout the day. The transient nature of 
solar energy affects the performance of the PV module which results in the need for 
efficient control and storage of energy. PVEGS installation designing and sizing are crucial 
for optimum system operation but are complicated due to the characteristics of the energy 
resource and complexities of system component operation. A simulation program is 
developed to assist users with the designing and sizing of PVEGS installations according to 
the solar resource available at site for practical implementation. A PVEGS prototype is 
implemented in Ipoh using the design and sizing recommendations provided by the 
simulation program. The prototype is tested and was found to be operating up to expectation 
and according to the specified requirements. The simulated performance of the PVEGS has 
a reasonably good correlation of 84.1% with the performance of the implemented PVEGS 
prototype. 




Keperluan tenaga elektrik di Malaysia berkembang pesat selaras dengan misi negara untuk 
menjadi negara yang maju. Penjanaan elektrik masih bergantung pada pembakaran bahan 
bakar fosil seperti gas asli dan arang batu. Pembebasan gas dari pembakaran bahan bakar 
fosil telah menyebabkan masalah persekitaran dan iklim yang serius seperti pemanasan 
global dan pencemaran udara. Sifat menguras bahan bakar fosil menyebabkan penggunaan 
bahan bakar fosil dalam memenuhi keperluan tenaga elektrik dalam negara di masa depan 
amat rumit. Masalah yang berkaitan dengan bahan bakar fosil meningkatkan lagi 
kepentingan untuk menjelajah sumber-sumber tenaga alternatif yang lebih mesra alam dan 
berterusan untuk penjanaan kuasa. Oleh kerana Malaysia terletak berhampiran khatulistiwa 
dengan purata bulanan radiasi suria harian sekitar 4500 Wh/m
2
 dan purata tempoh sinar 
matahari hingga 8 jam, pemanfaatan tenaga suria untuk penjanaan elektrik mempunyai 
potensi yang besar. Sistem penjanaan elektrik berasaskan fotovoltaik menukarkan sinar 
matahari kepada tenaga elektrik menggunakan modul fotovoltaik. Namun, tenaga suria  
tidak bersinar sepanjang hari. Ciri-ciri tenaga suria yang berubah-ubah mempengaruhi 
prestasi modul fotovoltaik dan menyebabkan kawalan tenaga yang cekap dan simpanan 
tenaga amat penting. Sistem penjanaan elektrik berasaskan fotovoltaik memerlukan 
perancangan dan pensaizan yang teliti kerana ciri-ciri sumber tenaga dan operasi komponen 
merumitkan perancangan komponen sistem. Program simulasi dibuat untuk membantu 
pengguna dalam merancang reka bentuk dan saiz pemasangan sistem fotovoltaik sesuai 
dengan sumber tenaga suria yang ada untuk pelaksanaan praktikal. Sebuah prototaip sistem 
penjanaan elektrik berasaskan fotovoltaik dilaksanakan di Ipoh menggunakan reka bentuk 
dan saiz cadangan yang diberikan oleh program simulasi. Prototaip diuji dan ditemui untuk 
beroperasi dengan baik dan sesuai dengan keperluan yang telah ditetapkan. Prestasi 
simulasi sistem mempunyai korelasi sebanyak 84.1% dengan prestasi prototaip sistem 
penjanaan elektrik fotovoltaik dan merupakan korelasi yang baik. 
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CHAPTER 1  
INTRODUCTION 
Energy is a fundamental part of our lives and is essential to the economic and social 
sustainability of a nation. One of the most important energy conversions is for 
electrical power generation and is often correlated to a better quality of life. Fossil 
fuels have been used to generate electricity until now, but concerns tied to these fuels 
are raising the interest in the utilization of renewable energy resources such as solar 
energy for electricity generation.  
1.1 Problem Statement  
The government of Malaysia reported that the total electricity consumption for the 
year 2008 was 93,619 GWh [1], an increase of 4.8% from the previous year. As 
Malaysia moves towards becoming a developed nation, it is reasonable to assume that 
there would be a sharp upward trend in energy demand for the coming years. The 
predominant method of generating electricity currently is by fossil fuel combustion. 
Type of fuel inputs in power stations for the year 2008 is as shown in Figure 1.1. 
Natural gas was the main fuel source for electricity generation in the year 2008, 
contributing 56.5% of total fuel used in power stations followed by coal at 33.4%.  
Tenaga Nasional Berhad (TNB) has been given the concession to build a new 
1000 MW coal-fired power plant in Manjung, Perak and the government is planning of 
commissioning more of these power plants to meet the nation’s electricity demand in 
the immediate future [2,3,4]. The strategy to maintain status quo is short-sighted as it 
does not address the underlying problem attached to energy resource utilization for 
electricity generation. Ultimately, electricity generation by combustion of fossil fuels 
is expected to face numerous stumbling blocks if pursued aggressively to meet the 
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nation’s growing energy demand. This is mainly due to the fact that the combustion of 
fossil fuels releases poisonous gases such as carbon monoxide (CO), carbon dioxide 
(CO2), nitrogen oxides (NOX) and sulphur dioxide (SO2) [5,6] into the atmosphere. 
These emissions are causing serious climatic and environmental problems [7] such as 
global warming, air pollution, acid deposition in rivers and lakes. Besides that, the 
price of conventional fossil fuels is plagued with high fluctuations because of the 
imbalance between supply and demand. The depleting nature of fossil fuels adds 
further constraint to meeting future increase in energy demand. The nation’s reserves 
for petrol is 5.46 billion barrels which is approximately 22 years of lifespan and for 
natural gas is 88.01 trillion standard cubic feet, which is around 28 years of lifespan if 
predicted using the present production rate as of  January 2008 [1]. Although these 
estimates may vary, the fact remains that the nation’s fuel reserves would eventually 
be exhausted and the need for alternative energy resources are inevitable. 
 
Figure 1.1 Fuel input in power stations for the year 2008 [1] 
The short term solution would lead to the purchase of energy from other fuel rich 
nations, thus heading towards energy dependency which can create chaotic economic 
scenarios that is already affecting the world today.  The entire world might face the 
shortage of these conventional fuel sources, therefore, it is imperative to seek energy 
security to avoid vulnerability due to global energy problems. The economic 
development and modernization of the nation brought about the utilization of 
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conventional fossil fuels must not be forgotten and would be worthless if future 
growth of the nation is hindered due to scarcity of energy. The socioeconomic 
activities of a rapidly developing nation can only be sustained with the availability of a 
diversified energy mix. The best way forward is a smooth transition from conventional 
fossil fuels to alternative fuels based on renewable energy resources that are more 
environmental-friendly as well as sustainable.  
1.2 Renewable Energy (RE) based Electricity 
Renewable energy is energy extracted from natural resources such as solar, wind, 
marine, geothermal as well as hydro and is inexhaustible. Unlike conventional fossil 
fuels that are finite and depleting, renewable energy sources are naturally replenished, 
thus, promising a more sustainable future. Therefore, the prospect of meeting the 
nation’s increasing energy demand by utilizing these resources particularly for 
electricity generation is promising. One of the renewable energy sources that can be 
harnessed for electricity generation is solar energy. The energy received from the sun 
on the earth’s surface each year is truly enormous, approximately 10
18
 kWh which is 
many folds more than the current global energy demand [8]. Malaysia is blessed with 
a relatively stable amount of sunlight all year round, as it is located near the equator. 
The monthly average daily solar irradiation in Malaysia is between 4000 to 5000 
Wh/m
2 
whereas the monthly average daily sunshine hour is within the range of 4 to 8 
hours [9]. The solar energy resource in Malaysia is significant and has great potential 
for the nation’s electricity generation. The utilization of solar energy for electricity 
generation is also more environment-friendly as compared to conventional electricity 
generation that causes the emission of greenhouse gases into the atmosphere due to the 
combustion of fossil fuels. Solar electricity is a low-carbon method of electricity 
generation with a one-off carbon footprint established during photovoltaic (PV) 
module production only. 
The renewable energy resources in Malaysia have not been optimally utilized 
although available in abundance. In 2008, the amount of electricity generated from 
non-hydro renewable energy resources was 1.0 MWh [10] which was only one 
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thousandth of a percent of the total electricity generated for that year. Figure 1.2 shows 
the percentage of non-hydro renewable electricity over total electricity generated from 
the year 1990 to the year 2008.  One of the highlighted reasons is related to the cost of 
solar electricity, which has remained relatively expensive, as compared to 
conventional fossil-fuel electricity and has contributed to the small amount of 
electricity generated through conversion of solar energy to electricity by using PV 
modules. The subsidization of fuel and electricity tariff has made the utilization of 
fossil-fuels based electricity extremely attractive till date. However, the price of fossil-
fuels will increase since the fuel resource is finite while the demand for this energy is 
growing rapidly. The government would not be able to subsidize these fuels 
perpetually and has decided recently to gradually rationalize these subsidies by 
revising the price of energy to reflect market prices [11]. The impending increase in 
fuel prices coupled with the need for reducing emissions further justifies the need to 
switchover from conventional fuels to renewable resources for electricity generation.  
 
Figure 1.2  Non-hydro renewable electricity from year 1990 to 2008 [10] 
The nation’s over-dependence on conventional fuels, low utilization of renewable 
energy resources and dwindling fossil fuel reserves brought about the introduction of 
the Five-Fuel Diversification Policy under the 8
th
 Malaysia plan [12]. The government 
aimed to create an optimum fuel mix by identifying renewable energy as the fifth 
major fuel resource in the energy supply mix after natural gas, coal, oil and hydro. 
Renewable energy sources were targeted to generate 5% of the country’s electricity. 




 Malaysia plan [13] strengthens the initiatives in utilization of renewable 
resources by emphasizing efficient use of energy resources to ensure supply 
sustainability for continuous economic growth. As for the recently announced 10
th
 
Malaysia Plan [14], the government has planned to incorporate feed-in tariff (FiT) into 
electricity tariffs of consumers to support the development of renewable energy based 
electricity generation.  
Penetration of 24-hour electricity is good in Peninsular Malaysia at 99% but is still 
relatively low in Sabah and Sarawak at 77% and 67% respectively [14]. The large 
portions of areas that are not equipped with electricity are rural and remote areas 
where grid extension in the near future is either too difficult or rather expensive. In 
order to overcome these constrictions, there is a need to enhance the current electricity 
distribution scheme with the possibility of incorporating the photovoltaic-based 
electricity generation system (PVEGS). These systems are portable and can be 
installed close to load centers. Long transmission lines would also not be needed to 
supply electricity at these remote areas. Installation of long transmission lines to 
supply power to remote areas is not efficient due to high energy losses and cost 
because of the length of the lines.  
It is evident that PVEGS has various advantages [7,9,14] over conventional 
electricity generation. However, the transient nature of solar energy poses a setback to 
the continuous availability of energy. Sunlight is not available during the night or 
during cloudy conditions causing the need for energy storage. The electricity from 
generation to consumption also needs to be controlled so that it is maintained at the 
desired output characteristic. These design requirements make it important that the 
system is optimally sized. The fundamental knowledge of solar energy resource and 
technical knowledge of power electronics are essential for designing and sizing the 
PVEGS.  
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1.3 Objectives  
The objectives of this research work are as the following: 
• Design and size a stand-alone PVEGS that efficiently converts sunlight into 
electricity. 
• Carry out comprehensive simulation studies to determine the optimum tilt 
angle and orientation of PV module located at sites in Malaysia. 
• Collect and analyze data of the local meteorological conditions. 
• Carry out experimental studies to investigate the effect of varying 
meteorological conditions on PV module performance. 
• Develop a simulation program that designs and sizes the PVEGS for practical 
implementations. 
• Implement and test a prototype of stand-alone PVEGS to validate simulated 
performance. 
1.4 Scope of Work and Key Assumptions 
This thesis focuses on the stand-alone PVEGS with storage for the Malaysian 
meteorological conditions and geographical location.  The scope of work throughout 
this research includes literature review on the properties of the solar energy resource 
and characteristics of the stand-alone PVEGS component. Theoretical study includes 
thorough review of solar radiation geometry, formulation of PVEGS component sizing 
equations as well as formulation of the PV module and tracking algorithm modeling 
equations. The optimum tilt angle and orientation for PV module located at Malaysian 
sites are also explored and defined. The experimentation work consists of 
meteorological data collection and investigation of the effect of the site meteorological 
conditions on the performance of the PV module. A simulation program is developed 
based on the sizing equations and the findings of the simulated models. A prototype of 
the PVEGS is implemented based on the sizing recommendations of the simulation 
program and is tested. 
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1.5 Thesis organization  
This thesis is organized into chapters as follows. Chapter 2 presents comprehensive 
literature review of the solar energy resource, concept of solar electricity generation, 
types of PVEGS and components of the stand-alone PVEGS. The advantages and 
disadvantages of various simulation programs available in the market today are also 
outlined.  
Chapter 3 focuses on the methodology of this research work. The phases of the 
approach are elaborated in this chapter. Solar radiation geometry, modeling equations 
and the PVEGS component sizing equations are introduced. The experimentation 
setup and conditions are clearly defined in this chapter. The simulation method used 
by the simulation program developed for sizing the PVEGS components is also 
explained.   
Chapter 4 presents results of the experimental and simulation work. The 
experimental results that comprise data of local meteorological conditions, 
performance of PV module under steady-state and actual transient conditions are 
discussed. The outcome and findings from the simulation of the tilted surface 
irradiation model, PV current-voltage model and PV-MPPT model are also presented 
in this chapter.   
Chapter 5 discusses the sizing recommendations provided by the simulation 
modules of the program for implementing a PVEGS prototype. The prototype is 
assembled according to the sizing recommendations of the program and its testing 
performance is presented in this chapter. The validation of the simulated performance 
results with the prototype testing results is also described. 
Finally, the results and contributions of this research work are summarized and 
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CHAPTER 2  
LITERATURE REVIEW 
All important aspects of the PVEGS is thoroughly investigated and discussed here. 
Comprehensive literature review is carried out, aimed at obtaining latest information 
for optimum designing and sizing of the PVEGS. This chapter is organized into a few 
sections that describe the solar energy resource, PVEGS components, various 
simulation programs and sizing methods for PV-based systems. 
2.1 Solar Energy Resource 
The earth’s surface receives an enormous amount of energy from the sun daily. The 
optimum performance of each of the PVEGS components relies on the careful 
assessment of the solar radiation incident at the site. Therefore, thorough 
understanding of the solar radiation’s properties is contingent for maximum utilization 
of the energy resource available at a particular site.  
2.1.1 The Sun and Solar Radiation 
The sun supplies the energy needed to support life on Earth. It is a continuous fusion 
reactor that releases energy in the process of transforming hydrogen nuclei into helium 
nuclei. It has a blackbody temperature of approximately 6000 K [15] at its outer 
surface and estimated central core temperature of 8 x 10
6
 to 40 x 10
6
 K [15]. Energy 
propagated from the sun is in the form of electromagnetic waves and commonly 
referred to as solar radiation or even solar insolation. The solar radiation in the 
wavelength range of 0.3 µm to 3.0 µm [15] is of primary concern since this radiation 
can be converted to electricity.  
  9 
 
2.1.2 Solar Resource at the Surface of the Earth 
The intensity of solar radiation outside the atmosphere varies throughout the year as 
the earth travels through its orbit. The average intensity of solar radiation outside the 
atmosphere is about 1353 W/m
2
 and is referred to as the solar constant [15]. However, 
not all of this radiation reaches the surface of the earth. This is because the solar rays 
that enter the atmosphere are absorbed, scattered and reflected by particle molecules 
such as air, water, dust, cloud and pollutants before reaching earth’s surface. The 
radiation that reaches the surface directly in the line of the sun without being scattered 
or reflected is called the beam radiation. The scattered radiation is called the diffuse 
radiation whereas the radiation reflected from the ground is known as the reflected 
radiation. The sum of these three components is known as global radiation. The 
maximum global radiation incident on earth’s horizontal surface is approximately 
1000 W/m
2
 at noon at sea level. Figure 2.1 shows the radiation path through the 
atmosphere. 
 
Figure 2.1 Radiation path through atmosphere [8] 
The amount of sunlight that is scattered or absorbed depends on its relative length 
of the direct beam path through atmosphere and is characterized as air  
mass, (AM).  Air mass is the ratio between the actual length of the direct beam path 
through atmosphere to the vertical path length through atmosphere directly to sea level 
[15] and is given as Equation (2.1) where α is known as the elevation angle of the sun. 
  10 
 
The elevation angle of the sun is the angle between the horizon and the incident beam 
sun ray and is shown in Figure 2.2. The sun’s rays have the shortest path through 
atmosphere when its position is directly perpendicular to the surface of the earth. The 
sun is at its highest elevation in the sky when its rays is directly perpendicular to 
surface of earth and this corresponds to AM = 1. However the sun’s elevation angle is 
not perpendicular to horizontal at all times due to the apparent movement of the sun. 
This elevation angle changes during the day and also during the year. The sun is only 
directly perpendicular to the surface of the earth at solar noon at the Equator in spring 
and autumn, at the Tropic of Cancer during the northern summer solstice and at the 




                                                  
 (2.1) 
 
Figure 2.2 Elevation angle of the sun 
When the sun’s elevation angle is smaller, the path length that the rays travel 
through the atmosphere is longer. This leads to higher absorption and scattering of 
sun’s rays, which implies that a lower amount of solar radiation is available on the 
surface of the earth. Figure 2.3 shows the absorption of the sun’s rays by atmosphere. 
The region outside the atmosphere where there is no atmospheric attenuation of the 
sun’s rays corresponds to AM = 0. 
Irradiation received on earth’s surface is defined as the energy density of sunlight 
and is measured as kWh/m
2
. Irradiation is also expressed in peak-sun hours (PSH) 
which is the number of hours of incident irradiance at 1 kW/m
2
. Irradiance is the 












Figure 2.3 Energy absorption by the atmosphere  
2.1.3 Solar Energy Resource in Malaysia 
Malaysia is situated near the equator, between latitudes of 1.0˚N and 6.0˚N, and has a 
hot and humid climate all year round. Average ambient temperatures are high 
throughout the year, between 20˚C to 30˚C and relative humidity is in the range of  
80% – 90%. The annual average daily global irradiation for locations in Malaysia is 
shown in Figure 2.4. The highest annual irradiation is received around the area of 
George Town and Kota Kinabalu [9], ranging from 1700 kWh/m
2
 to approximately 
1900 kWh/m
2
. The lowest annual irradiation received is around the Klang Valley and 
Kuching [9], approximately 1400kWh/m
2
. The significant amount of solar energy 
available in Malaysia is reason that electricity generation systems that harness this 
energy resource have great potential for implementation.  
2.1.4 Tracking the Sun 
The amount of solar energy captured on the surface of PV array is influenced by its tilt 
angle and orientation with respect to the horizontal. The maximum irradiance that can 
be harnessed by the PV array to be converted into electricity is achieved when angled 
to directly point towards the sun. However, the rotation of the earth on its axis and 
around the sun causes the apparent movement of the sun daily and throughout the 
year. This causes the position of the sun with respect to the array to change as well. As 
Zenith 
Sea level 
AM = 1 
Atmosphere 
AM = 0 
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the course of the sun changes, the tilt angle and orientation of the array would have to 
change as well to accommodate for direct incident irradiance on the array. Proper tilt 
angle and orientation of the array enables the position of the sun throughout its course 
to be tracked. These angles can be achieved using automated electromechanical 
tracking systems that track the sun’s trajectory throughout the day and around the year. 
Since, tracking systems are extremely expensive and involves high maintenance  
costs [17], therefore, it is mandatory to carry out studies to determine the optimum tilt 
angle and orientation that would maximize the output power from the PV array.   
 
Figure 2.4 Annual Average Daily Global Solar Irradiation [9] 
Locations in the northern hemisphere have PV array positioned to face south  
at particular tilt angles. Soulayman [18] suggested that for locations in the northern 
hemisphere, the optimum orientation is south facing and optimum tilt angle is equal to 
latitude of that location, ϕ. Lunde [19]  suggested tilt at summer to be (ϕ - 15˚) and tilt 
at winter to be (ϕ + 15˚). Lewis [20] presented theoretical models that suggested tilting 
PV modules to (ϕ ± 8˚), where the plus (+) sign is used in winter and minus (-) sign is 
used in summer, to maximize the amount of irradiation collected on the surface. 
Duffie and Beckman [15] presented [(ϕ + 15˚) ± 15˚] as the optimum tilt angle for PV 
array. These studies mainly concentrated on locations in the northern hemisphere with 
seasonal climate variation and presented tilt angle and orientation suggestions such 
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that the PV array is oriented to face south. However, due consideration of optimum tilt 
angles and orientations for locations with tropical climate in the northern hemisphere 
were not given in these studies. 
Messenger and Ventre [21] suggested the positioning of the PV surface to be 
directly perpendicular to the sun’s rays in order to capture the maximum amount of 
sunlight to be converted into electricity. Solar radiation reaches its peak at solar noon 
every day when the sun is halfway between sunrise and sunset. This is because the sun 
is at its highest elevation at solar noon and the rays have the shortest path through 
atmosphere. Thus, it was suggested that the PV array be tilted in a way that is directly 
perpendicular to the sun’s rays at solar noon to capture peak radiation to be converted 
into electricity. They presented (ϕ - δ) as the optimum tilt angle so that the surface of 
array is perpendicular to the sun’s rays at solar noon. The declination angle 
represented as δ is explained in the next chapter. 
2.1.5 Solar PV Electricity 
A PV cell consist of a p-type and n-type semiconductor material fused together to 
make a p-n junction. When irradiated by sunlight, a portion of the photons with energy 
greater than the semiconductor band gap knock the electrons loose of its atoms 
creating electron-hole pairs as shown in Figure 2.5.  
 
Figure 2.5 Electron-hole pair created when irradiated 
These photon-generated electron-hole pairs separate under the influence of 
junction electric field material as shown in Figure 2.6. The electron passes through the 
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load and recombines with the hole to complete the circuit as shown in Figure 2.7. The 
free flow of electrons in the semiconductor material and through the load is known as 
current and can be harnessed by connecting metal contacts to the positive and negative 
sides of the cell.  
 
Figure 2.6 The electron passes through the load  
 
Figure 2.7 The electron and hole recombine to complete the circuit 
2.2 Photovoltaic-based Electricity Generation System  
The PVEGS can be divided into stand-alone systems and on-grid systems as shown in 
Figure 2.8. The on-grid systems are also known as grid-connected systems and these 
systems are either directly connected to the transmission grid or connected to the 
national grid via house grid. Stand-alone systems are not connected to the grid and 
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could be systems with storage, without storage or hybrid systems. This research 
concentrates on stand-alone PVEGS and some applications are discussed here. 
Stand-alone PVEGSs were one of the solutions for power in rural or remote 
locations when grid supply was neither feasible nor economical. PVEGSs without 
storage are simple installations but not the most reliable of systems and are only used 
for small uncritical loads. These systems are not operational when electricity generated 
by the PV array is insufficient. Common applications are direct lighting and water-
pumping systems with storage tanks.  
 
Figure 2.8 Classifications of PVEGS 
Stand-alone hybrid systems operate on more than one energy source. An example 
of a hybrid system installation is the 100 kW PV-wind-diesel hybrid system [22] at 
Pulau Perhentian Kecil, Terengganu. The hybrid system shown in Figure 2.9 was 
installed to provide electricity to a fisherman village by replacing an existing generator 
only system. The existing generator only system became costly when the price of 
diesel was raised.  Ismail et. al [23] presented a 10 kW PV-diesel hybrid system that 
was installed in Pahang to electrify 15 houses and a school in a small ‘orang asli’ 
village. As the village was in a remote location, it was costly to extend the grid to 
supply electricity to a rather small community. The earlier generator only system was 
problematic as diesel supply was not readily available due to poor road system. The 
hybrid system offered an option for electrification to the villagers with reduced 
dependence on fossil fuel.  
  
 
Figure 2.9 PV-wind hybrid system in Pulau 
The hybrid PVEGSs have also been implemented for other application
rural electrification. In Langkawi, Kedah, 
been installed to power a cable car facility at a resort area. PV
were an improvement from generator only systems but the problems due to 
utilization of diesel generators remained unaddressed. These syste
high maintenance, were noisy and polluting. 
avenue for the utilization of two sources of renewable energy for generating 
electricity.  However, the PV-
locations in Malaysia such as the East coast of Peninsular Malaysia
the sufficient wind speeds and also less domin
The stand-alone PVEGS with storage addressed the problems faced by the 
hybrid PVEGS and PVEGS without storage. This system is able to operate the loads 
even when sunlight is insufficient due to the incorporation of batter
that, very low maintenance is required and the usage of fossil fuel is eliminated 
altogether. A 20 kW stand-alone PVEGS with storage was built in the remote county 
of Tibet, China for household electricity generation and is shown in 
Typical electrical loads powered by th
small electric motor loads, televisions, refrigerators and even washing mach
The batteries supply electricity at night for about five hours 
PVEGS has also been implemented for rural electrification in 
Dinh, Vietnam that has about 45 families
PVEGS to power lights, televisions and cassette players as the village was l
an island and was isolated from electricity supply from the mainland
16 
Perhentian [22] 
a 16 kW PV-diesel hybrid system
-diesel hybrid systems 
ms still required 
PV-wind hybrid systems created an 
wind-diesel hybrid systems are only suitable at 
 [22,25
ant cloud coverage at these areas.
y storage. Besides 
Figure 
e PVEGS in these remote village
[28]. The stand
the village 
. Villagers relied on the 1 kW stand
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,26] due to 
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Dominican Republic, approximately 5000 households in the rural areas benefited from 
a 150 kW stand-alone PVEGS installation since the grid extension to these areas was 
not expected for many years to come. The PVEGS supplied electricity 
pumping as well as lighting in homes, schools, health centers, community centers and 
parks [30]. In Philippines, a 900 W stand
Batanes Alternative Energy and Enhancement Projec
PVEGS was used to charge batteries that were used to power lights for about 60 
households and also power two cold storage units for refrigeration of fish. The 
storage units enabled the refrigeration of fish for sale an
opportunity of that community
 A typical stand
array, battery, charge controller and inverter. The PV array converts
electricity whereas the battery stores the excess electricity to compensate f
lapse between electricity
maintains proper charging of battery and supplies electricity to load. The inverter 
converts direct current (DC) into alternating current (AC) to power AC load. Each of 
these components will be reviewed individually and elaborated in the next section
Figure 2.
2.2.1 PV Array  
The PV hierarchy is shown as in 
of the PV array. A typical crystalline PV cell with a diameter of abo
17 
-alone PVEGS was implemented under the 
t for a fisherman community. The 
d this expanded the economic 
 [30]. 
-alone PVEGS consists of the following components; PV 
 generation and energy requirement [8]. The charge contr
10 Stand-alone PVEGS with storage in Tibet
Figure 2.11. The PV cell is the basic building block 
for water 
cold 
 solar energy into 





ut 10 cm supplies 
  
 
approximately 1.5 W of power at an output voltage of 0.6
conditions [31].  
Figure 
Several PV cells that are connected in series or parallel and encapsulated in glass 
are known as PV modules. The glass protects the individual cells from water, dust or 
direct exposure to the surrounding environment
parallel to achieve the desired module output voltage or current. 
commercially available commonly 
This is largely due to their suitability in 12 V and 24 V PV
storage.  PV cells connected in series
output voltage that is equal to the sum of 
connected cells have output voltage that of a single cell and output current tha
to the sum of each cell current. 
series-connected and parallel
comprises a number of modules connected electrically, in series and parallel, and 
mounted on the same plane to meet the power demand. 
2.2.1.1 Electrical Characteristi
The PV cell characteristic curve can be expressed by a few important operating points 
as shown in Figure 2.14. The cell is capable of operating at any po
I-V curve. Under short and open circuit conditions, no power is produced. The short
circuit current, Isc, is the current through the PV cell when the voltage across the cell is 
zero, (V = 0). It is the largest current that can be drawn from a 
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2.11 PV hierarchy [31] 
. The cells are assembled in series or 
The modules that are 
consist of 36 or even 72 cells connected in series
-based systems with battery
 have output current that of a single cell and 
each cell voltage. On the other hand, parallel 
Figure 2.12 and Figure 2.13 shows the concept of 
-connected cells of a module graphically. The array 
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cell. The open




t is equal 
int on the  
-
-circuit 
  19 
 
voltage, Voc, is the voltage through the PV cell when the current across the cell is zero, 
(I = 0).  It is the maximum available voltage from a cell. The maximum power point 
(MPP) is the operating point near the knee of curve with coordinates (Vmpp, Impp) where 
Vmpp, Impp and Pmpp are voltage, current and the power at MPP. The cell operates at 
maximum efficiency and produces maximum power at this operating point.  
 
Figure 2.12 Effect of series-connected cells on module’s I-V curve 
 
Figure 2.13 Effect of parallel-connected cells on module’s I-V curve 
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Figure 2.14 I-V and P-V characteristic curve of PV cell 
2.2.1.2 PV Current-Voltage (I-V) Model  
The electrical characteristic and performance of the PV cell is influenced by varying 
meteorological conditions such as solar irradiance and ambient temperature. Models 
were developed to predict I-V characteristics of the cell subjected to changing 
meteorological conditions. The I-V characteristic curve of the PV cell was modeled 
mathematically with the help of equivalent circuit diagrams. The simplest model [32] 
of a PV cell consists of an ideal current source in parallel with an ideal diode.  Figure 
2.15 depicts its equivalent circuit diagram. The output current of the cell, I, as given in 
Equation (2.2) is equal to the difference between the photon generated current, IL , and 
diode current, ID. The diode current is given by Shockley’s diode equation as in 
Equation (2.3) where Io is the dark saturation current, q is the electron charge, k is the 
Boltzmann constant, T is cell temperature in Kelvin and V is the cell voltage. 
Replacing Equation (2.3) into Equation (2.2) gives the current-voltage relationship of 
the PV cell which is given as Equation (2.4). Under open-circuit conditions, all the 
photon generated current passes through the diode whereas under short-circuit 
conditions, this current flows to the external load. The short-circuit and open-circuit 
conditions are shown in Figure 2.16.  
DL III −=
                                                  
 (2.2) 
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Figure 2.15 The simple equivalent circuit [32] 
 
The simple PV model eliminated some of the important parameters that affect 
the performance of the cell, thus, the more complex double-exponential  
model [33] was developed. The double-exponential model included a series resistance, 
RS, parallel resistance, RP, as well as a second diode and is also known as the five-
parameter model. The equivalent electrical circuit diagram and double-exponential 
modeling equation is given as Figure 2.17 and Equation (2.5) respectively. The 
internal losses due to current flow and connection between cells were modeled as a 
series resistance and the parallel resistance represented the leakage current to ground. 
The recombination in the depletion region of the cell caused non-ohmic current paths 
in the cell and was modeled as the second diode. The current flowing through the 
shunt resistance is represented as IRp and the diode quality factor is represented as n. 
The current flowing through the first diode is the dark saturation current due to 
diffusion, Io1, whereas the current flowing through the second diode is the dark 
saturation current due to recombination in the depletion region, Io2.  The five 
parameter model of the PV cell was modeled in a two-stage process as shown in  
Figure 2.18. The five parameters of the double-exponential equation were determined 
from the meteorological parameters of temperature and irradiance as well as cell type. 
The double-exponential I-V modeling equation was then solved to yield the electrical 
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characteristics of the cell. The nonlinear and implicit modeling equation was solved 
iteratively using the Newton-Raphson method. The model produced accurate I-V 
characteristic curves but parameter extraction was very difficult and complicated due 
to difficulty in obtaining important data specifications. 
 
Figure 2.16 Short circuit and open circuit condition [32] 
Liu and Dougal [34] introduced the single-diode exponential model that comprised 
the current source, series resistance, parallel resistance and a single ideal diode. The 
modeling equation and equivalent circuit is shown as Figure 2.19 and Equation (2.6). 
This model required four parameters to be determined in order to reproduce the 
electrical characteristics of the cell that is subjected to varying meteorological 
conditions. The single-diode exponential model is aimed to reduce the mathematical 
calculations and parameter extractions as compared to the double-exponential model. 
 
Figure 2.17 The double exponential model of PV cell [33] 







































−=   (2.5) 
In order to further reduce the complexity, Walker [35] developed a single 
exponential diode model that neglected the parallel resistance since the effect was 
minor. The model presented was the simplified version of Gow and Manning’s [33] 
electrical model and demonstrated the effect of irradiance and temperature variation on 
the I-V characteristic of the PV cell. The equivalent circuit comprised a current source 
that is dependent on irradiance and temperature in parallel with a single ideal diode 
and in series with a resistor. The model factored the effect of temperature on the diode 
saturation current as well as photo-current and effect of irradiance on photo-current. 
The current-voltage relationship of the model is represented by Equation (2.7) and the 
equivalent circuit diagram is shown in Figure 2.20. 
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Figure 2.19 The single exponential model of PV cell [34] 
 
Figure 2.20 PV cell model without parallel resistance [35] 
2.2.2 Battery  
The battery is an essential component in a stand-alone PVEGS due to the fluctuating 
nature of the electricity generated by the PV array. When illuminated, the electricity 
generated by the PV array is supplied to the load and the excess electricity is stored in 
the battery. The stored energy is supplied to the load by the battery when generation is 
insufficient to meet demand such as at night, during cloudy conditions and due to 
unforeseen circumstances such as PV system failure. The electrical energy from the 
array is stored in the battery by means of a chemical reaction. The chemical reaction is 
reversed and energy stored earlier is converted back into electrical energy when a load 
is connected to the battery. Battery characteristics are reviewed to gain a thorough 
understanding of this component.  
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2.2.2.1 Battery Characteristics  
The battery in many cases is the most vulnerable component of the PVEGS. This is 
due to the fact that design and operating faults of other components such as selecting 
the wrong type of charge controller, under-sizing the PV array, failure of array or 
charge controller could affect the condition of the battery and in the long term cause 
permanent damage. It is therefore extremely important to clearly understand the 
battery characteristics and its performance in order to size the storage bank 
appropriately.  Rated battery capacity is the amount of energy that can be supplied by 
the battery from full-charge to cut-off voltage during a single discharge under 
specified temperature and discharge conditions. Battery capacity can be used as a 
benchmark when comparing performance of different batteries with the same 
discharge rate [36]. 
Depth of discharge, DOD, is the percentage of the rated battery capacity that has 
been withdrawn from the fully charged battery. For a particular load, as the allowed 
battery DOD is increased, the rated battery capacity required becomes smaller. The 
allowable DOD is subject to the type of battery selected. Deep cycle batteries are 
usually able to withstand up to 80% discharge whereas shallow-cycle batteries should 
not be discharged more than 25% of its rated capacity. This means that deep-cycle 
batteries have usable capacities up till 80% and shallow-cycle batteries only can be 
used till about 25% of its rated capacity. The common trade-off issue with batteries is 
between the capacity of batteries and the allowable DOD. The state of charge, SOC, of 
a battery is the percentage of rated battery capacity remaining in the battery. The SOC 
is related to the DOD as given in Equation (2.8) where SOC = 1 indicates that a battery 
is fully charged and SOC = 0 indicates that a battery is fully discharged.  
DOD1SOC −=                                             (2.8) 
Batteries are fairly sensitive to temperature variation and therefore the effect of 
temperature on battery operation has to be factored in when designing the storage 
bank. At low temperatures, the usable capacities of batteries are reduced whereas at 
high temperatures, the batteries lives are shortened [36]. Therefore, it is extremely 
important to maintain the ambient temperature surrounding the battery. Room 
temperature will allow for the availability of optimum battery capacity [36]. 
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Storage is necessary as the PV array is not capable of generating electricity 
continuously. Thus, the numbers of storage days, SD, required for a system has to be 
estimated according to amount of sunlight available at the site and also how critical are 
the loads powered by the PVEGS. The greater the amount of irradiation available at 
installation site, the fewer battery storage days are required and vice versa. This is 
because the PV array is able to generate the electricity required by the load. The 
problem with large battery capacities is that it drives the overall cost of the system  
up [36]. Therefore, it is important to estimate the proper amount of SD needed 
according to the amount of sunlight available at the site.  
System availability is defined as the percentage of time that the PVEGS is capable 
of meeting the load requirements for a specified duration. A critical system requires 
power 99% of the time and a non-critical system requires power 95% of the time. A 
system availability of 99% requires the PVEGS to operate the load for 8672 hours of 
the 8760 hours annually whereas a system availability of 95% requires the PVEGS to 
operate the load for 8322 hours of the 8760 hours annually [36]. 
2.2.3 Charge Controller 
Charge controllers in stand-alone PVEGSs are used to protect batteries from 
undercharging or overcharging and for supplying electricity to the load. Batteries that 
are charged to their capacity normally lasts their intended lifetime. There are several 
types of charge controllers in the market today. Among them are the series controllers, 
shunt controllers, Pulse Width Modulated (PWM) controllers and Maximum Power 
Point Tracking (MPPT) controllers. Each of these controllers is discussed further here. 
2.2.3.1 Shunt Controller 
Shunt charge controller is typically used for small low voltage applications of up to  
100 W [31]. This controller primarily consists of a transistor connected in parallel to 
the module and a blocking diode between the module and battery positive as shown in  
Figure 2.21. When the upper voltage threshold is reached, the transistor is activated by 
the controller and the current is diverted from the battery. It should be noted that the 
module is now shorted [37]. Conversely, when the battery voltage drops to the low 
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voltage threshold, the transistor is released and the current is allowed to flow to the 
battery again. The blocking diode is in place to prevent the battery from discharging 
via the module during low irradiance conditions such as during nighttime or cloudy 
conditions [31,36]. 
The disadvantage of this controller is that the current flowing through the 
transistors would cause slight increase in temperature of the module which is 
undesirable especially in large arrays. Besides that, the voltage drop across the 
blocking diode also contributes to system loss [37]. 
 
Figure 2.21 Shunt charge controller [8]  
2.2.3.2 Series Controller 
The basic series charge controller consists of a relay between the module and battery 
positive conductors as shown in the Figure 2.22 [37]. When the series controller 
senses that the battery upper charge voltage threshold is reached, it interrupts the 
power from the module by switching the relay off. Alternatively, when the low voltage 
threshold is reached, the controller switches the relay back on [8] . 
Series charge controllers are more flexible and can be used even in larger 
applications. The controller can easily be made to suit the size of the system, whether 
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controller is that the constant oscillating switching operations around the upper charge 
voltage contribute to losses in the system [8]. 
 
Figure 2.22 Series charge controller [8] 
2.2.3.3 PWM Controller 
PWM controller functions on the concept of very rapid “on-off” switching. The PWM 
controller uses a solid-state switch to control the flow of current from the PV module 
to the battery by sending a series of pulses [37] as shown in Figure 2.23. The time 
between pulses is determined by the amount of time the switch is open or closed. 
PWM controllers vary switching time by modulating the width of the pulse [37]. This 
method controls the charge voltage to battery with better accuracy than series 
controllers that charge the battery by voltage variation. However, the pulses generated 
by rapid switching of the PWM controller circuits cause electrical noises and 
interferences and might not be suitable to operate equipments such as radios and 
televisions [37].   
2.2.3.4 Maximum Power Point Tracking (MPPT) Controller 
A PV module can operate at any point on its I-V characteristic curve. When a PV 
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intersection of the module’s I-V curve and the load line. In this instance, the module is 
operating at a point determined by the load impedance which is not necessarily at its 
MPP. Figure 2.24 shows the variation of the module operating point as the resistive 
load changes from 12 Ω to 24 Ω. The module was operating away from its MPP when 
directly connected to either of the resistive loads. Similarly, when a PV module is 
connected directly to a battery, the voltage of the battery dictates the operating point of 
the module [21]. 
 
Figure 2.23 PWM controller [37] 
Even with shunt or series controllers, the solar energy available is still not 
optimally utilized as these controllers are set to conduct or divert current from the 
array to battery at predetermined threshold voltage values [8]. The MPPT controller is 
required to maintain the PV module’s operating point at MPP. A MPP charge 
controller consists of a switched-mode DC-DC converter and a tracking controller as 
shown in Figure 2.25. 
The converter is used to regulate the DC input [8,38] at module MPP whereas the 
tracking controller implements the MPPT algorithm so that the array operation is held 
at its MPP [39]. The tracking algorithm is necessary since the operating point of the 
module deviates from the MPP under varying irradiance levels. The MPPT algorithm 
seeks to automatically search for the MPP under varying conditions and tells the 
controller how to move the operating voltage closer to the MPP to draw maximum 
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the voltage going into the battery. The MPPT controller is costlier than other types of 
controllers and is only suitable with PV array powers of 200 W and above [8]. The use 
of the MPPT controller with a smaller array power causes higher converter conversion 
loss than the gain from the controller. 
 
Figure 2.24 I-V curve when PV module connected directly to load [21] 
 
Figure 2.25 MPPT charge controller [8] 
The MPP of the PV module is normally not known in advance as it varies 
according to the changes in meteorological conditions. Therefore, it is necessary to 
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module. There are a few different types of algorithms to implement the tracking 
technique. Among them are the Constant Voltage algorithm, Perturb and Observe 
(P&O) algorithm, Hill-Climbing algorithm and Incremental Conductance (I-Cond) 
algorithm. 
Hohm and Ropp [40] investigated the Constant Voltage algorithm which assumes 
that the MPP voltage is proportional to the open-circuit voltage. The converter 
momentarily disconnects the module from the circuit and sets the module current to 
zero to measure the open-circuit voltage. After reconnection, the module’s operating 
voltage is set to 76% [41] of the measured open-circuit voltage for a fixed amount of 
time and then the cycle is repeated to continuously track the MPP. The module 
operating voltage corresponds to the voltage at MPP. This method is simple but causes 
energy loss when the load is disconnected from the module for open-circuit voltage 
measurement. Besides that, the MPP is not always located at 76% of the module’s 
open circuit voltage. The tracking efficiency of this open loop method also yields 
moderately low efficiencies, between 73 – 91% [42] . Therefore, tracking algorithms 
using closed loop control such as Hill Climbing algorithm, P&O algorithm, I-Cond 
were introduced with the aim to achieve higher efficiencies.  
The Hill Climbing algorithm involves periodic perturbation of the converter duty  
cycle [43] and comparing the output power with that of the previous perturbation 
cycle. The Hill Climbing algorithm locates the MPP by comparing the instantaneous 
power measurement with the averaged power measurement and then decides if the 
duty cycle should be increased or decreased. When the power variation is close to 
zero, the MPP has been reached and the duty cycle is maintained at this optimum 
value.  
The P&O algorithm involves periodic perturbation of the module operating  
voltage [43] and comparing the output power with that of the previous perturbation 
cycle. If the perturbation leads to an increase in output power, then the subsequent 
perturbation should be kept in the same direction to reach MPP. If there was a 
decrease in power, the direction of the subsequent perturbation should be reversed. 
The Hill Climbing and P&O algorithm are different approaches that envision the same 
fundamental method, either perturbation of the duty cycle of the converter or 
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perturbation of the array operating voltage [43]. Table 2.1 summarizes the perturbation 
direction for the Hill Climbing and P&O algorithms. 







Both of these methods are widely used tracking algorithms due to their simplicity 
and ease of implementation. However, there are certain drawbacks that reduce the 
efficiency of MPP tracking. These algorithms may fail under rapidly changing 
atmospheric conditions due to cloud movement [44]. Also, the system is not able to 
determine when it has reached the MPP and keeps oscillating the operating point about 
the MPP [45]. The I-Cond algorithm was proposed with the aim to solve the erratic 
behavior of the Hill Climbing and P&O algorithm under rapidly changing atmospheric 
conditions [44]. The I-Cond algorithm locates the MPP according to the slope of the 
power-voltage (P-V) curve [43], [44]. The slope of the P-V curve of the PV module is 
zero at MPP, positive to the left of MPP and negative to the right of MPP as given by 
Equation (2.9), Equation (2.10) and Equation (2.11) and shown graphically in  












<                                                            (2.11) 




Hill Climbing P&O 
Positive Positive Positive Duty cycle Operating Voltage 
Positive Negative Negative Duty cycle Operating Voltage 
Negative Positive Negative Duty cycle Operating Voltage 
Negative Negative Positive Duty cycle Operating Voltage 
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2.2.4 Inverters  
An inverter converts DC electricity to AC electricity to power AC loads. The inverter 
consists of a switching circuit that reverses the polarity of the DC supply on a cyclic 
basis. Depending on load requirement, the DC electricity is converted into single-
phase or three-phase AC electricity.  Inverters can be classified as sine wave inverters 
or square wave inverters [36]. The appropriate inverter for a system depends on a few 
factors such as the type of loads that needs to be powered as well as power, voltage 
and waveform variation that can be tolerated by the loads. The sine wave inverter can 
be divided into two different types; the modified sine wave inverter and the pure sine 
wave inverter. The modified sine wave inverter has an AC waveform in between the 
pure sine wave inverter and the square wave inverter. It works well on most equipment 
but not with most motors [36] and equipment that use speed controls or timers. The 
pure sine wave inverter runs with almost any AC equipment as the power has been 
smoothed out more effectively. The drawback of the pure sine wave inverter as 
compared to the modified sine wave inverter is that it is more costly. The square wave 
inverter is reasonably cheaper than the other inverters but its waveform is rather 
choppy and inefficient. The high harmonic content in the waveform makes this 
inverter unsuitable for sensitive electronic equipments such as computers, televisions 
or audio systems [8].  
 
Figure 2.26 Concept of I-Cond algorithm 
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2.3 PV-based System Simulation Programs  
There is a wide variety of simulation programs available that performs PV-based 
system designing, sizing, modeling, simulation and analysis. Table 2.2 reviews some 
of the PV-based system simulation programs. There are a few programs that perform 
designs of hybrid as well as grid-connected PV systems and provide economic 
analysis for the systems. However, most of these simulation programs do not 
specifically cater for design and sizing of implementations based on geographical 
location and meteorological conditions. Thus, this gives an opportunity to develop a 
local simulation program that can cater for the Malaysian geographical location and 
also based on local meteorological conditions. The simulation programs discussed 
here are Hybrid Renewable Optimization Model for Electric Renewables [46], Solar 
Advisor Model (SAM) [47], PVSYST [48], PV F-Chart [49], Design and Simulation 
Tool for PV Water Pumping Systems (DASTPVPS) [50].  
2.4 Sizing Methods of Stand-Alone PVEGS  
A crucial aspect of designing the stand-alone PVEGS is system sizing. Under-sizing  
the system reduces the system supply whereas over-sizing the system increases the 
cost.  System design concerns and issues such as the number of modules in the PV 
array, storage requirement and electronic component size and characteristics are 
covered in the sizing procedures. The two frequently used sizing methods are the 
energy balance method and loss of load probability method. Each method has its 
advantages and disadvantages but is meant to provide recommendations on system 
parameters. Both the sizing methods are discussed here.  
2.4.1 Energy Balance Method  
The energy balance method is a simple procedure of determining the energy balance 
between the load requirement and supply. Several approaches have been developed for 
sizing stand-alone PV-based systems based on this method.  
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HOMER • Models hybrid PV    
            system  
• Stand-alone and grid  
            connected PV system 
• Evaluates economic  
            feasibility of system  
• Large amount of user  
            input data required 
 
SAM • Models  system  
            performance 
• Perform financial   
             analysis 
• User must possess     
            knowledge about PV- 
            based systems 
• Very complex without 
             training 
PVSYST • Simulates stand-alone  
            PV  system with reserve  
            generators and grid-  
            connected systems 
• Very complicated 
• Software must be  
            purchased 
• Caters for European and  
            Switzerland sites 
PV F-Chart • Designs stand-alone and              
            grid connected systems 
• Fixed and tracking PV   
             array 
• Mostly performs economic  
            analysis of system only 
DASTPVPS • Training on basic PV  
             system operation 
• PV water pumping systems  
            only 
• Software needs to be  
             purchased 
Liu and Jordan [51] estimated the excess energy generated by PV array using the 
utilisability function which gives the fraction of monthly radiation that is above the 
critical level needed to meet the continuous demand.. Clark et. al [52] described a 
method of evaluating the performance of PV systems with battery storage for varying 
diurnal load demand and solar radiation using the average utilisability function. 
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Siegel et. al [53] presented a sizing method for PV systems based on the estimated 
monthly-average energy generated by the array. This method also estimated the 
monthly average excess capacity for a constant load during the day and storage 
capacity of batteries. The excess unutilized capacity generated by the array is stored in 
batteries for use when PV generated supply is insufficient. Evans [54] evaluated a 
method for predicting the long term monthly average output of the PV array. The 
output of the PV array is estimated based on monthly array irradiation with the 
monthly average array efficiency.  
Bhuiyan and Asgar [55] designed a stand-alone PV power system to operate 
domestic appliances in Dhaka. System sizing was based on the need to find the most 
economical combination of PV array and battery storage capacity that met the load 
requirement with minimal acceptable security level.  The following factors were 
required for system sizing: 
• Daily load requirement 
• I-V characteristics of the PV module 
• Maximum number of sequential sunless days likely experienced 
• Mean daily ambient temperature of a typical year 
• Irradiance for different tilt angles 
• PV array losses 
These methods sized the system components based on the concept of energy 
balance between the required load demand and the available supply.  
2.4.2 Loss of Load Probability (LLP) Method  
The loss-of-load probability method computes the reliability of electricity supply to 
load.  This method is used in systems where high reliability is required. The LLP 
method provides the economically optimum combination of array size and storage 
capacity for a minimum acceptable level of supply reliability. Bucciarelli et al.  [56] 
developed an analytical method of determining the probability of depleting the system 
storage and the amount of additional energy needed to cover the load required if 
storage is depleted. Bartoli et al. [57] and Klein and Beckman [58] specified the LLP 
method as the  ratio of the estimated load energy deficit  and energy demand of load. 
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A more precise numerical method that provided the cost effective solution to the 
array and storage combination is provided by Groumpos and Papageorgiou [59]. 
However, this is a much more complicated method that involved a stochastically 
generated time series of radiation data over a large number of years. This might prove 
to be difficult for designers that do not have access to these data.  
2.5 Summary for Chapter 2 
The comprehensive literature review study shows the importance of tilt angle and 
orientation of PV module for maximizing irradiation captured on surface. The concept 
of solar electricity generation has also been explained in this chapter. The stand-alone 
PVEGS comprise the PV array, charge controller, battery, inverter and load. The 
functions and characteristics of the PVEGS components have been discussed in detail. 
A few types of PV current-voltage models have also been outlined. Comparisons of 
the simulation programs and sizing methods for the stand-alone PV-based systems 
were also presented. The literature review clearly shows the need to carry out 
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CHAPTER 3  
METHODOLOGY 
This chapter provides a detailed description of the methodology used to bridge the gap 
between theoretical development and the implementation strategies. The approach is 
divided into four phases which are theoretical development, experimentation, 
simulation and prototyping as shown in Figure 3.1. Theoretical development involves 
the formulation of mathematical equations that will integrate the whole PVEGS to 
enable simulations to be carried out.  The experimentation results provided necessary 
data input to enable effective formulation of mathematical models for simulation. A 
simulation program called PV-ElectriGS Designer (Photovoltaic Electricity 
Generation System Designer) is developed to assist general users with designing and 
sizing the PVEGS installation according to the energy resource available at site. The 
findings from simulation of developed models are incorporated into the PV-ElectriGS 
Designer so that the PVEGS installation could be sized using real data for practical 
implementation. A prototype is designed and sized using the PV-ElectriGS Designer 
program and assembled for testing. 
3.1 Theoretical Development 
Theoretical development phase involved solar radiation geometry, formulation of 
PVEGS related modeling equations and formulation of PVEGS component sizing 
equations. Solar geometry is the study of the relationship between the sun’s radiation 
path and its location on earth. Knowledge of solar geometry is necessary to address the 
transient nature of the solar energy. Mathematical modeling was a major part of 
theoretical development where complex systems were represented mathematically to 
carry out simulation studies. Models for the PVEGS are necessary since the system 
components are subject to varying meteorological conditions and the performance of 
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the components needs to be predicted by simulation to be incorporated into the 
simulation program. The sizing equations were used to develop the simulation 
program. Modeling and sizing the PVEGS required thorough understanding of solar 
energy resource characteristics and operational behavior of system components to 
ensure successful implementation of the PVEGS.  
 
Figure 3.1 Methodology of research work 
• Solar radiation geometry 
• PVEGS sizing equations 
• Modeling equations 
Theoretical Development 
• Meteorological data collection 
• Performance of PV module 
Experimentation 
• Model 
• PV-ElectriGS Designer  
Simulation 
• PVEGS prototype component procurement 
• Prototype  assembling 
• Prototype  testing 
• Validate the simulation 
 
Prototyping 
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3.1.1 Solar Radiation Geometry 
The position of the sun relative to the PV module affects the amount of sunlight that 
falls on its surface. The relative position of the sun to the module is described by 
various angles discussed in this section. The inclination of a PV module as shown in 
Figure 3.2 is defined by its tilt angle, β, and orientation which is expressed as azimuth 
angle, γ. Tilt angle [60] is the angle between the tilted surface and the horizontal. The 
azimuth angle [60] is the angle of the projection on a horizontal plane of the normal to 
the surface from due south. A positive β indicates a surface oriented towards the south 
and a negative β indicates a surface oriented towards the north. A south facing surface 
has γ = 0˚ and north facing surface has γ = 180˚.   
 
Figure 3.2 PV module tilted at angle β and oriented due south [15] 
Zenith angle [15], θz, is the angular displacement between the lines of the sun’s 
rays to the vertical and is given by Equation (3.1) where δ is declination angle, ϕ 
denotes the angular location north or south of equator also known as latitude of 
location [60] and ω is the solar hour angle.  
)sinsincoscos(coscos 1z φδωφδθ +=
−
                             
(3.1) 
The angle of declination [61] is the angular displacement of the sun to the centre 
of the earth and is given in Equation (3.2) where m represents day in a year such that  
m = 1 is for 1st of January. The declination angle varies daily and is between 23.5º to -
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23.5º throughout the year as the earth revolves around the sun. Declination angle is 0º 
during an equinox, 23.5º during the northern summer solstice and -23.5º during the 
southern summer solstice. 








                                   
(3.2) 
 
The solar hour angle [60], ω, is the angular position of the sun to the east or west 
of the local meridian. It is positive for afternoon and negative for morning where thr  
represents hour of the day and tmin represents minutes of the corresponding hour. The 
solar hour angle is 0˚ at solar noon and varies by 15˚ per hour from solar noon. Solar 
noon occurs when the sun is at its highest elevation in the sky. The solar hour angle is 
estimated by  
Equation (3.3). 
οω )180t15t25.0( hrmin −+=
                                    
(3.3) 
The elevation angle of the sun [15], α, is the angle between the horizon and the 
incident direct sun ray. It is the complement of θz and is shown as in Figure 3.3. 
z90 θα
ο −=
                                                 
(3.4) 
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The sunset hour angle [15], ωs, is the solar angle corresponding to the time when 
the sun sets that is when θz is 90º. The sunset hour angle is calculated by Equation 
(3.5). 
)tantan(cos 1s δφω −=
−
                                              
(3.5) 
The angle of incidence, θ, is the angle between the beam radiation incident on a 
surface and its normal. In order to intercept maximum beam irradiance on the plane of 
a surface, the angle of incidence should be kept at a minimum. Angle of incidence for 
a fixed surface facing north or south [15], θfixed is given by Equation (3.6). 
)EDCBA(cos 1fixed +++−=
−θ




                                                        
(3.7) 
γβφδ cossincossinB =
                                                
(3.8) 
ωβφδ coscoscoscosC =
                                                
(3.9)     
ωγβφδ coscossinsincosD =
                                       
(3.10) 
ωγβδ sinsinsincosE =
                                                 
(3.11)    
Surfaces mounted on mechanical tracking systems can be classified by their mode 
of motion which is either single axis rotation or two axis rotation. Single axis tracking 
systems have planes rotated about the east-west axis or north-south axis whereas two 
axis tracking systems have planes rotated about both the east-west axis and the north-
south axis. Angle of incidence for a plane rotated about the horizontal east-west axis 
with continuous adjustment [15] is represented by θE-W and given by Equation (3.12). 
The angle of incidence when a plane is rotated about the north-south axis parallel to 
earth’s axis with continuous adjustment [15] is represented by θ+-S and given by 
Equation (3.13). A surface on a two-axis tracking system [15] is oriented to 
continuously face the sun at all times and its angle of incidence is given as θ2-axis and 
in Equation (3.14). 
ωδθ 221WE sincos1cos −=
−
−




                                                              
(3.13)
 
  43 
 
1axis2 =−θ
                                                                  
(3.14)                        
3.1.2 Modeling  
A model is a simplified representation of a real physical system aimed at predicting 
the effects of changes to the system [62]. The tilted surface irradiation model, PV 
current-voltage model and PV-MPPT model were developed. The tilted surface 
irradiation model enabled the estimation of the incident irradiation on the surface of a 
tilted PV module at the site under study. The PV current-voltage model was simulated 
to observe how the PV module reacts to variation in meteorological conditions. The 
PV current-voltage model was then incorporated into the PV-MPPT model that 
searched for the MPP of the PV module for optimum system operation. The choice of 
suitable MPPT algorithm to cater for the constraints of this research work is also 
established. The findings of these simulated models are integrated into the simulation 
program to enable PVEGS component sizing. The mathematical expressions 
describing the models are discussed in detail here.  
3.1.2.1 Tilted Surface Irradiation Model 
The calculation of the total daily solar irradiation on a tilted surface is described as a 
series of steps in Figure 3.4. It is important to establish the fact that solar radiation is 
generally measured at horizontal; however, the PV module is not necessarily 
positioned at horizontal. Therefore, the total irradiation incident on a PV module that 
is tilted at an angle from horizontal has to be computed from the measured global 
horizontal radiation data. 
The hourly global irradiance [51], Ig, beam irradiance [51], Ib, diffuse irradiance 
[51], Id, and reflected irradiance [51], Ir, on a horizontal surface of an average day is 
computed using the monthly daily average global radiation on horizontal surface, H , 
measured at the site of study. The average day is the day where the daily global 
irradiation is the closest to the monthly average. The values of Ig, Ib, Id and Ir 
respectively are calculated as Equation (3.15), Equation (3.16), Equation (3.17) and 
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Equation (3.18). The ground reflection coefficient or albedo is represented as ρ. The 
value of ρ takes into consideration the type of reflecting surface [63]. 
HrI tg =
                                                          
(3.15) 
dgb III −=
                                                     
(3.16) 
ddd HrI =





                                                  
(3.18) 
 
Figure 3.4 Estimating total daily irradiation on a tilted surface 
The ratio of hourly total to daily total global radiation [15]  is represented by rt and 














+=                                 (3.19) 
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(3.21) 
The ratio of hourly total to daily total diffuse radiation [15]  is represented by rd 












×=                                        (3.22) 
The monthly mean daily diffuse radiation, dH , used for this research work was 
calculated based on the correlation proposed by Page [64]. The correlation presented 
as Equation (3.23) is suitable for locations in Malaysia as it provided for locations 
within 40˚N and 40˚S. The attenuation of solar irradiance by the atmosphere expressed 
as clearness index, 
t
K , for locations located between latitude 0˚ and 8˚ is given by 
Equation (3.24) [65]. 
( )HK13.11H td −=                                                   (3.23) 
( )[ ]694.20061.0exp199.0601.0K t −−−= φ
                        
(3.24) 
The total hourly irradiance on a tilted surface, IT, is computed by summing the 
three components of Ib, Id and Ir as suggested by Liu and Jordan [51]. 
rrddbbT RIRIRII ++=                                        (3.25) 
The ratio of beam radiation on the tilted surface to that of the horizontal [15], Rb 
and ratio of diffuse radiation on the tilted surface to that of the horizontal [15], Rd, are 
given by Equation (3.26) and Equation (3.27) respectively. The ratio of reflected 
radiation to that of the horizontal [15] is represented as Rr and is given as  
Equation (3.28).  










                                                           
(3.26)
 






                                                       
(3.27)
 






                                                       
(3.28) 
The total tilted irradiation for the day [66], TH , is determined by summing the 
hourly tilted irradiation for the day and is given as Equation (3.29). 
∑= TT IH
                                                           
(3.29) 
The peak-sun hours (PSH) for a day [31], PSHday , is calculated as the number of 
hours the total tilted irradiation for the day was at 1000 W/m
2







                                                   
(3.30) 
3.1.2.2 PV Current-Voltage Model 
The equivalent electric circuit proposed by Walker [35] which was shown earlier as  
Figure 2.20 was used to model the I-V characteristics of the PV module. The model is 
the simplified version of the two-diode model [33] . This model consists of a current 
source, a single diode and a series resistance. The effect of the internal resistance of 
each cell in the interconnection between cells was modeled as a series resistance [67]. 
The measure of how closely the diode follows the diode ideal equation was 
represented by diode quality factor. Parallel resistance was disregarded as the effect 
was minor. The model also included temperature effects on photo-current and diode 
saturation current [35]. 
The relationship between IL and Io is established using Kirchhoff’s Current Law 
and is given as cell current given previously as Equation (2.2). When the cell is open 
circuited and illuminated, all the photo-current passes through the diode and when the 
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cell is short circuited and illuminated, all the photo-current flows to the load. The 


















                                              
(3.31) 
The photo-current at reference temperature of 25˚C, IL,Tref, is directly proportional 
to the irradiance, G, and is given as Equation (3.32) where Isc,STC  is the short-circuit 
current at standard test condition (STC) [35]. STC is the PV cell reference 
measurement conditions where the solar irradiance is at 1000W/m
2
 with air mass 






                                       
(3.32) 
The photo-current has a linear relationship with temperature and for a particular 
cell temperature, T, is determined by Equation (3.33) where Tcoeff is the temperature 
coefficient of the photo-current and Tref  is the reference temperature. The short-circuit 
current at a particular temperature T is represented as Isc,T  whereas Isc,Tref  represents 
















                                                
(3.34) 
The diode saturation current is computed by taking the ratio at two different 
temperatures and is given by Equation (3.35) where Vq is the band-gap voltage. The 
diode saturation current at reference temperature, Io,Tref, is given by Equation (3.36) 
where Voc,Tref is the open-circuit voltage at reference temperature. The current-voltage 
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(3.36) 
The series resistance of this model which is given as Equation (3.37) makes the 
solution for cell current a non-linear problem. The solution to cell current is a 
recursive equation and when solved using simple iterations only converged for 
positive currents. Therefore, the Newton-Raphson method was chosen to solve for 
current since it provides rapid convergence for both positive and negative currents. 
The series resistance has been reported to have a large impact on the slope of the PV 
module’s I-V curve near open-circuit voltage. Therefore, the value of Rs is determined 
by first differentiating Equation (3.37), rearranging in terms of Rs and then evaluating 































                                               
(3.37) 
The model accounts for variation of solar irradiance and temperature. The PV 
module modeled in Matlab has 36 monocrystalline PV cells in series and provides  
20 W of nominal power under STC. The electrical specifications of PV module at STC 
are given in the Table 3.1.  






Power at MPP  Pmpp 20 W 
Voltage at MPP  Vmpp 17.28 V 
Current at MPP  Impp 1.16 A 
Short-circuit current  Isc 1.31 A 
Open-circuit voltage  Voc 21.42 V 
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3.1.2.3 PV-MPPT model 
The objective of MPPT is to move the module voltage close to the MPP under 
changing meteorological conditions in order to draw maximum power from the array. 
The deviation of the operating point from the MPP under varying meteorological 
conditions emphasizes the need for a tracking algorithm for optimum system 
operation. MPPT modeling is performed using the PV current-voltage model 
developed earlier to search for the MPP under varying irradiance conditions. The 
MPPT algorithm modeled here is the I-Cond algorithm adopted from Esram [43] as 
this algorithm is suitable for the Malaysian climate where the solar irradiance could 
change rapidly due to rain or cloudy cover.  
The I-Cond algorithm uses the derivative of the PV module’s power with respect 
to its voltage to locate the operating point with respect to the MPP. The basic concept 
is that the slope of the power-voltage (P-V) curve of the PV array is zero at MPP, 
positive to the left of MPP and negative to the right of MPP. The equations can also be 
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, with the incremental conductance,
dV
dI
. The relationship of the 
instantaneous conductance to the incremental conductance is given as  
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The relationship of the instantaneous conductance to the incremental conductance 
is given as Equation (3.44) if the operating point is to the left of the MPP [43]. 
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The relationship of the instantaneous conductance to the incremental conductance 













−< (Right of MPP)                              (3.47) 
When the incremental conductance is greater than the instantaneous conductance, 
the operating point is at the left of the MPP and is to be moved to the right by 
increasing the module voltage. Likewise, when the incremental conductance is smaller 
than the instantaneous conductance, the operating point of the module is at the right of 
its MPP and is to be moved to the left by decreasing the module voltage. When MPP is 
reached, the algorithm maintains the operating voltage (dV= 0) unless a change in 
ambient conditions is detected which is indicated by 0dI ≠ . The MPP voltage is 
increased and the algorithm increases the module voltage when the irradiance 
increases (dI > 0). The MPP voltage is decreased and the algorithm decreases the 
module voltage when irradiance decreases (dI  >  0).  
3.1.3 Sizing the PVEGS Components  
The block diagram describing the stand-alone PVEGS is given as Figure 3.5. The PV 
array is connected to the charge controller that manages proper charging of the 
batteries and flow of electricity into DC load. Excess electricity generated by PV array 
is stored in batteries. The inverter converts DC electricity into AC electricity to power 
the AC load. PVEGS sizing requires the energy consumption of the system to be 
determined by estimating the load demand of the system. Load estimation is 
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imperative as it influences the size and characteristics of all the other PVEGS 
components. Figure 3.6 shows the steps involved in sizing the PVEGS components. 
 
Figure 3.5 Block diagram of the stand-alone PVEGS  
 
Figure 3.6 Steps for sizing the PVEGS 
The optimum tilt angle and orientation of the PV array is required to maximize the 
solar radiation captured at the site. The storage requirement is dependent on the 
criticality of load. The PV array is sized to meet the load requirement while factoring 
Load estimation 
Array inclination 
System design current estimation 
Battery sizing 
PV array sizing 
Charge controller sizing 
Inverter sizing 
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the effect of solar irradiance and temperature on the performance of the array. After 
sizing the PV array, the charge controller and inverter are sized.  
The sizing techniques was improved from the approach suggested by Sandia 
National Laboratory [36] based on the energy balance method. This method seeks to 
find the daily energy balance between the load and the energy generated in the plane 
of the array. The sizing equations of PVEGS components are detailed individually in 
the following subsections. The sizing equations formulated here were used to develop 
the simulation program PV-ElectriGS Designer that provided sizing estimates of 
system components for PVEGS installations.  
3.1.3.1 Load Estimation 
The PVEGS is sized for the required load demand. The daily total load demand, EAh,T, 
given in Equation (3.48) is the sum of daily DC load demand and daily DC equivalent 
of AC load demand [36]. The daily DC load demand, EAh(DC), is given as Equation 
(3.49) [36]. The daily DC equivalent of AC load demand, EAh(AC-eq), is calculated using 
Equation (3.50) [36] . The quantity of the i-th load is represented as +i, Pi  is the load 
power of the i-th load, Hri is the hours of operation of the -th load, ηinv represents the 
conversion efficiency of inverter and VDC,sys  is the DC system voltage.  




































                                  (3.50)                                
The DC system voltage of the PVEGS is determined based on the DC equivalent 
total system load power, PLoad,T, while maintaining the limit of current on the DC side 
to within 100 A and is given by Equation (3.51) [36]. The DC system voltage is 
normally 12 V or a multiple of 12 V to match the voltage of the battery bank 
assembled on the typical 12 V battery. Table 3.2 provides a guideline to determine the 
appropriate DC system voltage corresponding to the total DC equivalent total system 
load power and current limit. 






sys,DC =                                                    (3.51) 
The DC equivalent total system load power  given as Equation (3.55) is the sum of 
the total DC load power, PLoad,DC, and the DC equivalent of the total AC load power, 
PAC-eq,  given as Equation (3.52) and Equation (3.54) respectively. The total AC load 
power, PLoad,AC, is given by Equation (3.53).  
∑ ==
n
1i iiDC,Load P+P                                               (3.52) 
∑ ==
n








=−                                                    (3.54)               
eqACDC,LoadT,Load PPP −+=                                      (3.55)                                                                
Table 3.2 DC equivalent total system load power and system voltage 
DC Equivalent Total System 
Load Power (W) 
DC System Voltage (V) 
1000 12 
 2000 24 
 3000 36 
4000 48 
                                                     
The corrected system load demand, Ecorr, considering the wire efficiency  







=                                                (3.56) 
3.1.3.2 Array Inclination 
The array tilt angle and orientation determines the amount of sunlight incident on its 
surface which in turn affects the amount of electricity generated.  The more the 
sunlight captured on the surface, the greater the amount of energy that can be 
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converted into electricity. The goal is to maximize the amount of solar irradiance 
incident on the PV module throughout the year. 
The optimum tilt angle of the array for each month of the year,  
βoptimum(jan-dec), for locations in Malaysia [68] is given as in Equation (3.57) and shown 
in Figure 3.7. The declination angle for each month of the year, δ(jan-dec), is taken for 
the corresponding average day of the month. The surface of the PV array would be 
perpendicular to the sun at solar noon when angled at optimum tilt angle and 
orientation in order to capture peak radiation. The sign of the βoptimum defines the 
optimum orientation of the PV module. The array is oriented to face south when the 
optimum tilt angle is positive and oriented to face north when the tilt angle is negative.                                                    
)decjan()decjan(optimum −− −= δφβ                                     (3.57) 
 
Figure 3.7 Array inclination  
3.1.3.3 System Design Current Estimation 
The design current for each month of the year, Idesign(jan-dec), is calculated for the 
corrected system load demand as in Equation (3.58) [36]. PSH(jan-dec) is the average 
daily peak sun hours for months January to December at optimum tilt angle and 
orientation. 
South (γ = 0˚) when (ϕ - δ) > 0 







β = ϕ - δ 
x 
Tilt angle, β 









− =                                          (3.58) 
The system design current, Idesign,system, given in Equation (3.59) is the largest of the 
design current for each month of the year and corresponds to the month with lowest 
solar irradiation.  
)Imax(I )decjan(designsystem,design −=                                      (3.59) 
3.1.3.4 Battery Sizing 
The PV array is not capable of generating sufficient electricity to cater for the loads at 
night and during cloudy conditions. The battery storage bank should be able to 
takeover during periods of low solar radiation to ensure seamless supply of energy. 
The size of the storage bank is dependent on criticality of load and amount of 
irradiation at site.  
The required battery capacity, EB,req, is dependent on several factors such as 
system load demand requirement, number of storage days, depth of discharge of the 
battery and the temperature effect on the battery also known as the temperature derate 
[32] factor, Tderate. Table 3.3 gives the derate factor for the battery according to the 









=                                                   (3.60) 
Table 3.3 Temperature derate factor [32] 
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The number of batteries in series, +Bseries, is dependent on the system voltage [36]. 
The higher the system voltage, the higher the number of batteries assembled in series. 






+B =                                                           (3.61) 
The number of batteries in parallel, +Bparallel, is calculated as Equation (3.62) 






+B =                                                        (3.62) 
The number of storage days required is influenced by the criticality of load and the 
minimum PSH over the year, PSHmin. A critical load requires 99% availability of 
power whereas a non-critical load only requires 95% power availability. The number 
of storage days for a critical load, SDcrit , and non-critical load, SDnon-crit , is given as 
Equation (3.63) and Equation (3.64) [36]. 
3.18PSH9.1SD mincrit +−=                                       (3.63) 
58.4PSH48.0SD mincritnon +−=−                               (3.64) 
3.1.3.5 PV Array Sizing 
The PV array is sized to generate sufficient electricity during the month with the 
lowest solar irradiation to meet the load demand and cover all losses of the  
system [36]. The PV array is modeled to predict its performance prior to sizing the 
array. The resultant I-V characteristics from the model are then used in the simulation 
program to size the PV array. 
The number of modules to be connected in parallel [36], +PVparallel , is dependent 






+PV =                                                 (3.65) 
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The number of modules that are to be connected in series, +PVseries, is given as  
Equation (3.66) where Vreq represents the voltage required to charge the battery bank 








=                                                     (3.66) 
seriesbattreq +BV2.1V ××=                                          (3.67) 
The output of the module is adjusted for losses due to dust accumulation and 
module mismatches with a derate factor. The array derated current is given by the 






I =                                           (3.68)          
                                   
The array current at maximum power, Impp,array, is the sum of current at MPP  for 
all the modules wired in parallel [36]. 
mod,mppparallelarray,mpp I+PVI ×=                                     (3.69) 
The array short-circuit current, Isc,array, is the sum of short-circuit current of each 
module, Isc,mod, that is connected in parallel and is calculated as Equation (3.70) [36]. 
mod,scparallelarray,sc I+PVI ×=                                        (3.70) 
The array open-circuit voltage, Voc,array, is a function of the modules in series and 
is given as Equation (3.71) where Voc,mod is the open-circuit voltage of each  
module [36]. 
mod,ocseriesarray,oc V+PVV ×=                                         (3.71) 
The area required for mounting the array, Aarray, is given by Equation (3.72) where 
area per module is Aeach-mod. 
totalmodeacharray +PVAA ×= −                                          (3.72) 
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3.1.3.6 Charge Controller Sizing 
Charge controllers protect batteries from overcharging or undercharging and maintain 
flow of electricity to load. The voltage of the charge controller, Vcontroller, should be 
compatible with the nominal DC system voltage [36]. The controller should be 
capable of handling a maximum voltage that is equal to the open-circuit voltage of the 
array. The maximum current from the array expected to flow through the controller, 
Icontroller, is given by Equation (3.74) [36]. The safety factor [36], [69] of 56% is to 
accommodate periods of high irradiance by momentary cloud enhancement. 
array,occontroller VV =                                                      
(3.73) 
 array,sccontroller I56.1I ×=                                             (3.74) 
3.1.3.7 Inverter Sizing 
The inverter is required to convert DC electricity to AC electricity to power AC loads. 
There are a few aspects that require special attention when sizing the inverter. The 
surge capacity, Psurge, to be handled by the [70]  inverter is estimated to be three times 
the simultaneous AC load, PLoad,AC(simt). The simultaneous AC load is the total AC load 
that is expected to be operated at the same time. The inverter input  
current, IDC , is calculated using Equation (3.76). 








=                                                           (3.76) 
The inverter input voltage upper and lower limit is given by Equation (3.77) and 
Equation (3.78) [71]. The upper limit to the inverter input voltage, Limitupper(DC), is  
+30% of DC system voltage and the lower limit, Limitlower(DC), is -10% of the DC 
system voltage.  
3.1VLimit sys,DC)DC(upper ×=                               
(3.77) 
9.0VLimit sys,DC)DC(lower ×=                              (3.78)                            
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The AC output voltage is maintained within a ±8% range of the AC system 
voltage, VAC,sys, and is given by Equation (3.79) and Equation (3.80) [71]. The upper 
limit of the AC output voltage is represented as Limitupper(AC) and the lower limit of the 
AC output voltage is represented as Limitlower(AC). 
08.1VLimit sys,AC)AC(upper ×=                                         
(3.79)                              
92.0VLimit sys,AC)AC(lower ×=                                         (3.80)                          
3.2 Experimentation 
The experiments carried out can be divided into two parts; data collection of the local 
meteorological conditions and observation of the PV module performance under 
steady-state and transient conditions. Data of the local meteorological conditions were 
investigated to learn the pattern of the solar irradiance and the ambient temperature at 
the site under study since these conditions differ from one site to another. The effect of 
steady-state solar irradiance and ambient temperature on the PV module performance 
were tested and analyzed. The effects of actual transient conditions on the PV module 
performance were also investigated. These experiments were conducted to investigate 
the difference between the PV module performance under controlled steady-state 
conditions with its performance when exposed to transient conditions. The data of site 
meteorological conditions and experimental results of the PV module performance 
were used as input when simulating the developed models. The experimental results 
will be discussed in Chapter 4. 
3.2.1 Local Meteorological Data Collection 
The meteorological conditions such as solar irradiance and ambient temperature levels 
are site dependent and were investigated for Ipoh. The global horizontal solar 
irradiance at site was measured using a pyranometer and collected by a logger whereas 
the ambient temperature was measured using a temperature sensor and collected by an 
electronic data acquisition system (DAS). Figure 3.8 shows the setup for data 
collection of the local meteorological conditions.  
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Figure 3.8 Data collection of local meteorological conditions  
3.2.2 Performance of PV Module Under Steady-state Conditions  
The electrical performance of the PV module subjected to steady-state conditions were 
observed by introducing the module under the solar simulator. The experimental setup 
shown in Figure 3.9 was designed to observe the effect of steady-state solar irradiance 
and temperature on the electrical performance of the PV module. The experiment 
setup comprised the solar simulator, temperature sensor, voltage sensor, current 
sensor, PV module, pyranometer, electronic DAS, irradiance logger and hot plate. The 
data collected were used for obtaining mathematical models for simulation. The solar 
simulator uses a 2500 W Xenon arc lamp to simulate natural sunlight for accurate and 
repeatable indoor testing of the PV module. The light source was capable of 
introducing irradiance over a wide range, from 0 W/m
2
 to 1200 W/m
2
. The uniformity 
of the light source was adjusted before the experiments were carried out. The 
parameters measured by the sensors connected to the DAS were the open-circuit 
voltage, short-circuit current and ambient temperature. The electronic DAS was 
connected to the personal computer (PC) so that the logged data could be extracted 
and processed.  
The irradiance was set to the level required by adjusting the intensity of the 
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reproduced by the lamp of the simulator was at the level required. The PV module was 
immersed in ice cubes to simulate ambient temperature 0˚C and immersed in water for 
temperatures 25˚C to 75˚C. The temperature of the water was brought to the required 
temperature level by heating using the hot plate. The temperature of the PV module in 
the water was measured using a Type K temperature sensor to ensure temperature was 
at the level required.  
 
Figure 3.9 Experimental setup for PV performance under simulator 
3.2.3 Performance of PV Module Under Transient Conditions 
The electrical performance of the PV module subjected to actual transient 
meteorological conditions was observed by exposing the module under the sky. The 
schematic of the experimental setup is shown as in Figure 3.10. The experiment setup 
comprised the temperature sensor, voltage sensor, current sensor, PV module, 
pyranometer, electronic DAS and irradiance logger. The parameters measured and 
logged by the sensors connected to the DAS were the open-circuit voltage, short-
circuit current and ambient temperature. The solar irradiance was measured by the 
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Figure 3.10 Experimental setup for PV performance outdoors  
3.3 Simulation Process 
PVEGS designing and sizing is crucial in implementing a PVEGS installation due to 
the transient nature of solar irradiance and the complexities of system components. A 
system that is over-sized is not only costly but is also not utilizing the available energy 
resource optimally. A PVEGS that is under-sized would not be operational since the 
system would not have sufficient energy to supply the load and charge the battery. 
Therefore, the PV-ElectriGS Designer simulation program was developed to assist 
general users in designing and sizing a PVEGS installation for real implementation. 
The simulation program was developed by using Matlab based on the sizing equations 
presented in the previous sections. PV-ElectriGS Designer can be used for sizing 
PVEGS implementations at any location and for various meteorological conditions but 
is specially customized for designing and sizing PVEGS installations for the 
Malaysian geographical location and meteorological conditions.  
The simulation method used in this research work has been adopted from  
Singh [65] and is shown in Figure 3.11. The simulation program consists of several 
simulation modules where each module sizes a particular component of the PVEGS 
installation.  This method uses an integrated simulation process that is flexible due to 











Under sky – subject to real 
conditions 
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changes can be incorporated at any module if necessary. The output from one module 
can be input into the subsequent module. This interaction between modules enables 
enhancements of design and future upgrades to be tackled easily. The bubble 
connectors allow the modules within the system to interact with the external 
environment. The meteorological data and experimental results were vital input for the 
simulation of the developed models. The optimum characteristics were extracted from 
results of the simulated models and were integrated into the simulation modules of 
PV-ElectriGS Designer so that each component of the PVEGS installation could be 
sized.   
The flowchart in Figure 3.12 shows the steps involved when sizing using the 
simulation modules of the PV-ElectriGS Designer program. The program consists of 
the following simulation modules; load estimation module, array inclination module, 
system design current estimation module, battery sizing module, PV array sizing 
module, charge controller sizing module and inverter sizing module. 
The load estimation module sizes the load demand of the PVEGS. Both DC and 
AC load can be powered by the PVEGS. The user is required to input into the program 
the desired load to be operated. The simulation returns recommendations for the 
nominal DC system voltage and corrected load demand of the system. The array 
inclination module requires site data which comprise latitude and longitude to be input 
into the program. The simulation returns suggestions for monthly optimum tilt angle 
and orientation for the site under study. The system design current estimation module 
calculates the appropriate system design current for the month with minimum PSH 
available at the site under study.  
The battery sizing module sizes the storage bank for both critical load and non-
critical load. The user is required to input the desired load criticality and the 
simulation determines the number of storage days required, required battery capacity 
and total number of batteries required. The PV array sizing module sizes the array so 
that it is capable of supplying the load during sunlight hours and any excess electricity 
is to be stored in the battery. The simulation determines the number of PV modules 
needed to supply load requirement and storage and also the area required for mounting 
the array. The charge controller sizing simulation module sizes the charge controller 
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so that the varying DC electricity generated by the array can be controlled for battery 
charging and supplying constant DC voltage to load. The inverter sizing module sizes 
the inverter according to the DC system voltage and AC load demand. By using 
simulation, the inverter input voltage, AC output voltage and peak continuous power 
of inverter are calculated. 
 
Figure 3.11 Simulation method of PV-ElectriGS Designer [65] 
Experimental findings and Meteorological Data 
Integrated 
Simulation 
Individual Simulation Modules 
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Figure 3.12 Simulation modules of the PV-ElectriGS Designer  
Start 
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3.4 Summary for Chapter 3 
The methodology used in this research work was elaborated in this chapter. The 
approach comprises four phases which are theoretical development, experimentation, 
simulation and prototyping. Theoretical development involved the study of solar 
radiation geometry as well as the formulation of modeling and sizing equations to 
enable simulations to be carried out. The models were simulated using data from 
experimentation to predict the performance of the components for incorporation into 
the simulation program. The PV-ElectriGS Designer simulation program was 
developed in Matlab to assist general users with designing and sizing of the PVEGS 
installation according to the solar radiation measured at site. A prototype was designed 
and sized using the simulation program, assembled and then tested. The simulated 
performance by PV-ElectriGS Designer was validated with the performance of the 
























CHAPTER 4  
RESULTS AND DISCUSSION 
This chapter presents detailed evaluation and analysis of results obtained through 
experimentation and simulation studies. 
4.1 Experimental Results  
The experimental results presented and discussed comprise data of local 
meteorological conditions and performance of PV module under steady-state and 
actual transient conditions. The experimental results were used as input when 
simulating the models. 
4.1.1 Local Meteorological Data Collection  
The global horizontal solar irradiance collected for Ipoh on a typical sunny and cloudy 
day is as shown in Figure 4.1 and Figure 4.2. For the typical sunny day, it is observed 
that the irradiance changes gradually and reaches its peak around noon. The solar 
irradiance peaks at solar noon since the sun is at its highest elevation in the sky at this 
time of the day and this give for shortest path for the rays through the atmosphere to 
the surface. For the typical cloudy day, the irradiance is rather erratic due to passing of 
clouds and also times with prolonged durations of low irradiance caused by lasting 
cloud coverage and rain. The collected irradiance data for both sunny and cloudy day 
show that the intensity of the sunlight is varying throughout the course of the day. The 
ambient temperature data for a typical sunny and cloudy day are shown in Figure 4.3 
and Figure 4.4. The ambient temperature data collected for a typical sunny and cloudy 
day were the same day as that of the typical sunny and cloudy day when global 
  
 
horizontal solar irradiance data were collected. 
the typical sunny day is about 27.0
22.0˚C respectively.  The averag
approximately 24.5˚C and the maximum and minimum temperature is about 34.5˚C 
and 21.0˚C respectively.  
Figure 4.1 Global horizontal irradiance
The solar irradiance in the field is varying throughout the day and is not 
necessarily at the specified STC of 1000 W/m
datasheet. The ambient temperature at the site also 
necessarily at the specified STC of 25.0
conditions of the PV module. Systems designed using electrical specifications 
extracted directly from datasheets would be improperly sized since the operating 
conditions of the PV module outside the manufacturers module performance test setup 
is not necessarily at STC. Therefore, the performance of the module outside STC was 
investigated by experimentation and discussed in the following sections.
4.1.2 Performance of PV M
The PV module characteristic curves in manufacturer datasheet specify its electrical 
performance parameters such as open
STC. However, the PV modules of the PVEGS rarely 
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 The average ambient temperature of 
˚C with maximum and minimum of 34.7˚C and 
e ambient temperature of the typical cloudy day is 
 on a sunny day (June 20, 2010)
2
 as in manufacturer’s PV module 
varies throughout the day
˚C. STC provide best-case operating 
  
odule Under Steady-state Conditions  
-circuit voltage and short-circuit current under 
operate in these conditions since 
 
 
 and is not 
  
 
the meteorological conditions are hardly at STC. Therefore, the operating behavior of 
the module for conditions other than STC has to be investigated to facilitate accurate 
designing and sizing of PVEGS. 
ambient temperature on the performance of the PV module was investigated.
Figure 4.2 Global horizontal irradiance
Figure 4.3 Ambient temperature at site
69 
The effect of steady-state solar irradiance and 
 on a cloudy day (June 21, 2010)
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Figure 4.4 Ambient temperature at site on a cloudy day ( June 21, 2010) 
Figure 4.5 shows that changes in solar irradiance affect the current generated by 
PV module quite significantly. A drop of approximately 0.08% per W/m
2
 in short-
circuit current is experienced when the irradiance is reduced from 1000 W/m
2
 to  
200 W/m
2
. This means that when irradiance is high, the module generates more 
electricity. The open-circuit voltage varies less with changing irradiance than the 
short-circuit current. Figure 4.6 shows the open-circuit voltage measured for 




. The drop in open-circuit voltage is 
only about 0.02% per W/m
2
 when irradiance is varied within that range.  
 




The open-circuit voltage of the module is affected more substantially under 
varying ambient temperature as compared to varying irradiance levels. The open
circuit voltage is observed to decrease with inc
circuit current increases with increasing temperature. The effect of ambient 
temperature on the open
given in Figure 4.7 and 
open-circuit voltage is attained 
whereas short-circuit current experiences a gain of 0.11%  per 
Figure 4.7 Open
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-circuit voltage of PV under varying irradiance
reasing temperature while the short
-circuit voltage and short-circuit current of the module are 
Figure 4.8 respectively. A drop of about 0.32
when ambient temperature is varied from 
˚C.  





%  per ˚C in 





Figure 4.8 Short-circuit current of PV under varying temperature 
4.1.3 Performance of PV M
The performance of the module over an entire day under outdoor transient conditions 
was investigated for a typical sunny and cloudy day. 
meteorological conditions when the PV module was exposed to actual transient 
conditions for a sunny day. The module short
the solar irradiance. It is greatly affected by fluctuations in solar irradiance. The open
circuit voltage is only affected on a smaller extent to fluctuations in irradiance. It is 
fairly steady throughout the day except for early in the morning and late evening when 
solar irradiance is low. Figure 
short-circuit current of a PV module on a sunny day.
Figure 4.11 shows the meteo
short-circuit current is similar to the short
its proportionality to irradiance. The open
affected by the fluctuations in ambient temperature as compared to the trend of open
circuit voltage on a sunny day as shown in 
module under the solar simulator produced stable and consistent results due to the 
controlled conditions of the experimental setup. The PV module performance 
investigated under actual conditions was observed to be irregular and fluctuating 
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odule Under Transient Conditions  
Figure 4.9 
-circuit current is directly proportional to 
4.10 shows the variation of the open-circuit voltage and 
 
rological conditions for a cloudy day. The trend of the 
-circuit current trend on a sunny day, that is 
-circuit voltage on a cloudy day was more 








throughout the day according to the so




lar irradiance and ambient temperature that it 
 Irradiance and ambient temperature on sunny day







Figure 4.11 Irradiance and ambient temperature on cloudy day
Figure 4.12 I
4.2 Simulation Results  
The models that were developed earlier were simulated using the experimental results 
to extract their optimum characteristics to be incorporated into 
Designer simulation program 
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-V characteristics of PV on cloudy day 
the PVElectriGS 
for sizing of the PVEGS. The results of the simulated 
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models that are presented and discussed here consist of the tilted surface irradiation 
model, PV current-voltage model and PV-MPPT model. 
 
4.2.1 Tilted Surface Irradiation Model 
The amount of irradiation captured on the surface of the PV module is influenced by 
the tilt angle and orientation of that surface. The more sunlight captured on the PV 
surface, the higher the amount of energy that can be converted into electricity.  
Figure 4.13 shows the daily total irradiation for surfaces positioned at horizontal  
(β = 0˚), latitude of site (β = ϕ), latitude minus declination [β = (ϕ – δ)] and on two-
axis tracking system (β = θz). The location of this study is Ipoh at latitude, ϕ = 4.57˚N. 
It can be observed that the two-axis tracking system gives the highest energy output 
compared to other inclinations since the mechanical system directs the PV module to 
continuously face the sun at all times. Figure 4.14 shows the tilt angle changes 
throughout a day for a two-axis tracking system. The hourly change in tilt angle makes 
the two-axis tracking system complex and expensive. 
  
Figure 4.13 Daily total irradiation on tilted surface  
Therefore, fixed surfaces inclined to optimum tilt angles and orientations were 
investigated. The fixed surface is corrected from time to time and is to match the 
output achieved by the continuously tracking two-axis system as much as possible. 
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Figure 4.15 shows the variation of daily tilt angle for surfaces tilted to β = 0˚, β = ϕ 
and β = (ϕ – δ). The modules were fixed at β = 0˚ and β = 4.57˚ for days n = 1 to  
n = 365 for the cases β = 0˚ and β = ϕ respectively. The tilt angles in these two cases 
were positive daily all throughout the year indicating that the modules are oriented 
south facing only.  The case β = (ϕ – δ) gave rise to negative tilt angles for  
days, n = 93 to n = 252 indicating that the PV module has north facing orientation. The 
positive tilt angles for the rest of the days around the year indicate that the module has 
south facing orientation. The surface tilted to β = (ϕ – δ) has the largest amount of 
incident irradiation all around the year, shown earlier in Figure 4.13, as compared to 
surfaces tilted to β = 0˚ and β = ϕ. However, the rather small change in daily tilt angle 
only incurred tedious mechanical work and made daily tilt angle adjustments not 
practical. 
 
Figure 4.14 Tilt angle for two-axis tracking system over a day  
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Figure 4.15 Variation of daily tilt angle  
It is more practical to vary the surface tilt angle monthly so that the course of the 
sun over the year is still tracked but with minimal tilt angle and orientation 
adjustments. Figure 4.16 shows the variation of monthly tilt angle for cases β = 0˚,  
β = ϕ and β = (ϕ – δ). Tilt angle changes monthly for the surface tilted to β = (ϕ – δ).  
The tilt angle is negative for months April to August indicating north facing module 
and is positive for the rest of the months of the year indicating south facing module. 
The tilt angles are fixed and positive at β = 0˚ and β = 4.57˚ throughout the whole year 
for surfaces tilted to β = 0˚ and β = ϕ indicating that the orientations are south facing 
only. Figure 4.17 shows the monthly total irradiation for surfaces tilted to β = 0˚, β = ϕ 
and β = (ϕ – δ). The surface tilted to β = (ϕ – δ) has the largest amount of incident 
irradiation on its surface from January through December. There is a gain of 
approximately 2.4% and 2.5% respectively in total irradiation captured when the PV 
module surface is tilted to β = (ϕ –δ) as compared to keeping them fixed throughout 
the year at latitude of site or at horizontal.  Therefore, the optimum tilt angle, βoptimum, 
for the site under study is β = (ϕ – δ) since the irradiation received on the tilted surface 
is the maximum. The optimum orientation of the PV module is defined by the sign of 
the optimum tilt angle. The PV module is oriented to face south when optimum tilt 
angle is positive and oriented to face north when the optimum tilt angle is negative. 
This research work establishes the fact that a module located in the northern 
hemisphere is not necessarily oriented facing south all year round as reported in 
conventional literature.  
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Figure 4.16 Variation of monthly tilt angle  
Figure 4.18 shows the variation of monthly tilt angle between PV surface oriented 
to face south all the time with β = |ϕ – δ| and PV surface positioned at βoptimum that is 
oriented to face both north and south. Figure 4.19 shows that a loss of approximately 
3.0% is accounted for when the PV surface is tilted at β = |ϕ – δ| as compared to 
βoptimum. This result implies that positioning the PV module to the proper tilt angle 
alone is not sufficient to maximize irradiation captured on module surface.  The 
orientation of the PV module is just as significant as tilt angle when maximizing 
irradiation captured on the PV surface.  
 
Figure 4.17 Total irradiation of tilted surfaces for each month  
  
 
Figure 4.18 Monthly tilt angle for surface tilted to 
4.2.2 PV Current-Voltage Model
The modeling equations 
extract the electrical behavior of the PV module
two conditions, varying irradiance and varying temperature. 
simulated for varying temperatures starting from 0
I-V curve was plotted
temperature, the maximum power output still decreases. This is because as 
temperatures increases, the drop in module voltage is 
module current. The 
temperatures are shown as in 
The PV model was then simulated for changing irradiance levels starting at a
irradiance of 200 W/m
irradiance of 1000 W/m
increasing temperature. Therefore, the maximum power output of the module 
increases with increasing irradiance. It is observed that the module current is directly 
proportional with irradiance whereas the modu
with irradiance. Irradiance affects module current to a greater extent as compared to 




incorporating the experimentation findings
. The simulations were performed for 
The 
˚C to 75˚C in steps of 25˚C and the 
. Although the module current increases with increasing 
much larger than the gain in 
I-V characteristic curves of the module 
Figure 4.20. 
2
 and then increasing in steps of 200 W/m
2
2
. Both module current and module voltage increased with 
le voltage has a logarithmic relationship 
Figure 4.21. 
 
 β =|ϕ – δ| 
 were simulated to 
PV model was 
under varying 
n 
 till the maximum 
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Figure 4.19 Total irradiation for surface tilted to βoptimum and β =|ϕ – δ| 
 
Figure 4.20 I-V curve of PV at different temperatures (at 1000W/m
2
) 
4.2.3 PV-MPPT Model 
The variation of the MPP under changing irradiance levels as seen in the simulation 
results of the PV model emphasizes the need for a tracking algorithm that locates the 
maximum operation point of the array. The operational principle of MPP tracking 
algorithm is to move the array voltage close to the MPP under varying irradiance 
levels with the aim of extracting the maximum current from the array.  
  
 
The operating point of the PV module connected directly to load could fall very far 
from the MPP of the module, thus not producing maximum power as shown by the 
green line in Figure 4.
operating point of the modu
simulated with the I-Cond for irradiances of 200 W/m
shows that the I-Cond tracking algorithm searches for the MPP under varying
irradiances and maintains the PV array operating point close to its MPP. The red 




22. A MPP controller uses a MPPT algorithm to maintain the 
le at MPP. Figure 4.23 shows the operation of PV module 
2
 to 1000 W/m
 
 I-V curve of PV at different irradiances (at 
4.22 PV module operating point without MPPT
2








Figure 4.23 PV module operating point with I
4.3 Summary for Chapter 4 
The experimental results presented 
performance of PV module under steady
module under actual transient conditions. Data of local meteorological conditions as 
well as performance of the PV mod
conditions were vital input for simulation of the models and system sizing. The 
simulation of the tilted surface irradiation model showed that the optimum tilt angle 
for the site under study is βoptimum
orientation when the optimum 
the optimum tilt angle is negative. The PV current
observe the I-V characteristics of the PV module
irradiance and temperature. A 
MPP under varying irradiance levels and maintain the PV module operating point 




comprise data of local meteorological conditions, 
-state conditions and performance of PV 
ule under steady-state and actual
 = (ϕ – δ). The PV module has a south facing 
tilt angle is positive and a north facing orientation when 
-voltage model was simulated to 
 when subjected to varying solar 










CHAPTER 5  
DESIGNING AND SIZING A PVEGS PROTOTYPE 
The PVEGS prototype is designed and sized using the PV-ElectriGS Designer 
simulation program. The prototype is assembled according to the sizing 
recommendations provided by the simulation program. The prototype is tested and the 
performance of the prototype is validated. 
5.1 Designing and Sizing the PVEGS Prototype 
 The PVEGS prototype configuration is shown earlier in Figure 3.5. The components 
of the PVEGS prototype are PV array, charge controller, battery, inverter, DC load 
and AC load. The PVEGS prototype is sized using the PV-ElectriGS Designer 
program that consists of seven simulation modules for sizing the components of the 
system. In the following sections, the system sizing recommendations provided by the 
simulation modules of the program will be discussed. The simulation modules of PV-
ElectriGS Designer are as the following; load estimation module, array inclination 
module, system design current estimation module, battery sizing module, PV array 
sizing module, charge controller sizing module and inverter sizing module. 
5.1.1 Load Estimation Module 
The load estimation module sizes the load demand of the prototype. The load of the 
prototype consist of an 18 W DC lamp and a 40 W AC bulb to be operated an hour 
each. Figure 5.1 is a screen shot of the load estimation module and simulation 
recommendations for sizing the load. The simulation estimates the nominal DC system 
voltage and corrected system load demand and is shown in Table 5.1. 
  
 
Table 5.1 Recommendations for sizing the prototype load
Sizing concern 
Nominal DC system voltage
Corrected system load demand
Figure 5.1 Screen shot of the 
5.1.2 Array Inclination Estimation Module 
The inclination of the array determines the amount of irradiation captured on its 
surface. The prototype is to be implemented in Ipoh that is situated at latitude 4.6
and longitude 101.03˚E. Figure 
which provides suggestions for the 
December. The monthly optimum tilt angle and orientation recommendations are 
shown in Table 5.2.  
5.1.3 System Design Current Estimation Module
Figure 5.3 shows the screen shot of the system design current estimation module. 




 12 V 
 7.5 Ah 
simulated load estimation module 
 
5.2 is the screen shot of the array inclination module 
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system design current for the month with minimum PSH available at the site under 
study. The simulation system design current for a prototype in Ipoh is 1.62 A to 
accommodate the month with the lowest amount of sunlight hours of approximately 
4.63 hours.  
Table 5.2 Recommendations for optimum PV array inclination 
Month Tilt Angle, β (˚) Azimuth Angle, γ (˚)  Orientation 
January 25.5 0 South 
February 17.6 0 South 
March 7.0 0 South 
April - 4.8 180 North 
May - 14.2 180 North 
June - 18.5 180 North 
July - 16.6 180 North 
August - 8.9 180 North 
September 2.4 0 South 
October 14.2 0 South 
November 23.5 0 South 
December 27.6 0 South 
5.1.4 Battery Sizing Module  
The battery bank is required to supply the load when sunlight is insufficient for the PV 
array to generate electricity such as during cloudy conditions and at night. The battery 
bank of the prototype is sized for a non-critical load. Figure 5.4 shows the screen shot 




Figure 5.2 Screen shot of the 
Figure 5.3 Screen shot of the 
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simulated array inclination module 

















5.1.5 PV Array Sizing Module
The PV array is sized such that sufficient electricity
with the lowest solar irradiation to mee
is stored in the battery bank to supply load when sunlight is insufficient. The screen 




Nominal voltage of each battery





.3 Recommendations for sizing the battery bank
 Screen shot of the simulated battery sizing module 
 
 is generated during the month 
t the load demand. Excess electricity
Figure 5.5. Table 
tions for sizing the PV array.  
 Recommendation 
 25.8 Ah 
 12 V 
 26 Ah 
 1 
 1 





5.4 provides the 
  
 




Module power point current
Module short
Module open
Number of modules in series
Number of modules in parallel












 1.8 A 
 20 W 
 1.16 A 
-circuit current 1.31 A 
-circuit voltage 21.42 V 
 1 
 2 
 2.32 A 
-circuit current 2.62 A 
-circuit voltage 21.42 V 




simulated PV array sizing module 
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5.1.6 Charge Controller Sizing Module  
The controller is sized so that the varying DC electricity generated by the array can be 
controlled for battery charging and supplying stable constant DC voltage to load. 
Figure 5.6 is a screen shot of the charge controller sizing module. The PWM controller 
was more suitable for the lighting load and total DC load power. The lighting load is 
rather small and the MPPT controller would not be appropriate as the conversion 
losses would be greater than the controller gain.  Table 5.5 provides the sizing 
recommendations for the charge controller. 
Table 5.5 Recommendations for sizing the charge controller  
Sizing concern Recommendation 
Controller input voltage 21.42 V 
Minimum controller input current 4.1 A 
Type of controller PWM controller 
 
Figure 5.6 Screen shot of the simulated charge controller sizing module  
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5.1.7 Inverter Sizing Module  
The inverter sizing module is simulated for the 40 W AC load.  Figure 5.7 is a screen 
shot of the inverter sizing simulation module. A modified sine wave inverter is 
suitable for the lighting load supplied through the inverter. Table 5.6 provides the 
sizing recommendations for the inverter. 
Table 5.6 Recommendations for sizing the inverter 
Sizing concern Recommendation 
Inverter DC input voltage range (VDC) 10.8 V to 15.6 V 
Inverter AC output voltage range (VAC) 220.8 V to 259.2 V 
Minimum continuous power 40 W 
Minimum surge capacity 120 W 
Type of inverter Modified sine-wave 
 
Figure 5.7 Screen shot of the simulated inverter sizing module  
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5.2 Assembling the PVEGS Prototype 
The components were purchased using the sizing recommendations by the simulation 
modules of the PV-ElectriGS Designer program and assembled as shown in  
Figure 5.8. The DC load is a 18 W lamp and the AC load is a 40 W bulb. The PV array 
consist of two 20 W PV module connected in parallel. This array is connected to a  
220 W (22 V, 10 A) charge controller. The charge controller is connected to a  
312 W (12 V, 26 Ah) lead-acid battery. The AC load is supplied via a 150 W inverter.  
 
Figure 5.8 PVEGS prototype configuration 
5.3 Testing the PVEGS Prototype 
The prototype was tested for a typical day in August with good amount of sunlight in 
the morning and rain in the evening. The solar irradiance and ambient temperature on 
that day is given as in Figure 5.9. Figure 5.10 shows the PV voltage and battery 
voltage of the PVEGS prototype. The graph shows that when PV voltage is higher 
than the battery voltage, the battery is charged. The fluctuations are due to the 
controller that disconnects the battery when the PV voltage is too high for battery 
charging. This is to ensure the battery does not over boil to reduce the loss of water in 














(20 W)  
Controller 
(22V, 10 A) 
Battery 







(20 W)  
AC Load 
(40 W) 
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The PV current is supplied to the battery and also the load. The DC lamp was 
turned on for an hour from 10 am to 11 am. When the load is in use, the current 
supplied by the PV array to charge the battery is lower as can be seen in Figure 5.11. 
This is in agreement with the earlier discussed concept where electricity generated by 
the PV array is used to power the load and any excess electricity is used to charge the 
battery. When the load is not in use, the PV current is used to charge the battery 
entirely. The fluctuations are also due to the controller reducing the charge current to 
the battery to avoid heating and gassing of the battery. 
 
Figure 5.9 Irradiance and ambient temperature on testing day 
 
Figure 5.10 PV voltage and battery voltage of prototype 
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Figure 5.11 Current to and from controller  
The AC bulb was turned on from 12 noon till 1 pm. The AC load required stable 
current and was connected to the battery via the inverter. Figure 5.12 shows that the 
current drawn by the AC load is higher than the current that is supplied by the charge 
controller to battery. Only the battery is capable of handling the AC load continuously. 
Both the DC and AC load are working to expectation. The PV array supplied the load 
and charged the battery. The charge controller controlled the electricity supply to DC 
load and maintained proper charging of the battery. The inverter converted the DC 
supply to AC supply to power the AC load. The prototype was implemented 
successfully according to the sizing recommendations provided by the PV-ElectriGS 
Designer simulation program. 
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Figure 5.12 Current drawn by the AC load on the DC side 
5.4 Validation of Simulated Performance with Prototype Performance 
The PVEGS prototype implemented using the sizing recommendations of the PV-
ElectriGS Designer simulation program was operating to the required expectation. The 
measured prototype output power was compared to the PV-ElectriGS-Designer’s 
simulated performance of the prototype as shown in Figure 5.13. The simulated 
prototype provided by the PV-ElectriGS Designer has an 84.1% correlation with the 
performance of the tested prototype. The simulation has a reasonably good correlation 
with the implemented prototype performance. 
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Figure 5.13 Experimental and simulation results  
5.5 Summary for Chapter 5 
A PVEGS prototype was implemented in Ipoh. The prototype consisted of the PV 
array, charge controller, battery, inverter, DC load and AC load. Each of these 
components was sized using the PV-ElectriGS Designer simulation program. The 
prototype was assembled according to the sizing recommendations provided by the 
simulation modules of the program. The prototype testing results showed that the 
prototype was implemented successfully and operated to the desired requirements. The 
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CHAPTER 6  
CONCLUSION 
6.1 Conclusions 
This thesis presents the design and sizing of stand-alone PVEGSs. The PVEGS has 
great potential for implementation in Malaysia since sunlight is available in 
abundance. The PVEGS converts sunlight into electricity using PV modules. 
However, solar energy is transient in nature and not available continuously throughout 
the day. The effect of the transient meteorological conditions on the performance of 
the PV module has been investigated experimentally. The module output power 
increased with increasing solar irradiance but decreased with increasing temperature. 
The experimental results were necessary input for the formulation of models that were 
incorporated into the simulation program.  
The tilt angle and orientation of a PV surface affects the amount of irradiation 
captured on the surface of the array. The more irradiation captured, the greater the 
amount of energy converted to electricity. Therefore, the optimum tilt angle and 
orientation for a PV surface located for the site of study, Ipoh, was investigated. It has 
been found in this research that the monthly optimum tilt angle for the PV surface is 
βoptimum = (ϕ – δ). A gain of 2.4% and 2.5% is observed in total irradiation captured on 
the surface of PV module when tilted to the suggested optimum tilt angle as compared 
to keeping it fixed to latitude of site (β = 4.57˚)  or at horizontal (β = 0˚) throughout 
the year. The PV module was oriented to face north for the months April to August 
and oriented to face south for the months January to March as well as months 
September to December to maximize the irradiation captured on the surface of the PV 
array.   The optimum orientation of the PV module was dependent on the sign of the 
tilt angle. The PV module was oriented to face south when the optimum tilt angle was 
positive and oriented to face north when the optimum tilt angle was negative. This 
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research work establishes the fact that a module located in the northern hemisphere is 
not necessarily oriented facing south all year round as reported in conventional 
literature. It was also established that in order to maximize the irradiation captured on 
PV surface, the orientation of that PV surface is just as important as its tilt angle. A 
PV module that was tilted to (β = |ϕ – δ|) accounted for a loss of 3.0% as compared to 
a surface tilted to βoptimum. This is because the surface was oriented to face south only 
all around the year as compared to a surface that is oriented to face north and south 
when tilted to the suggested optimum tilt angle.  
The PV-ElectriGS-Designer simulation program was developed to assist general 
users with the implementation of PVEGS installations according to the solar energy 
resource available at the site. The variety of simulation programs available in the 
market that performed PV system design and sizing through simulation were found to 
be expensive, required high level of user technical competency and did not cater 
specifically to the Malaysian context. Therefore, the PV-ElectriGS Designer 
simulation program was customized for PVEGS implementations according to the 
Malaysian geographical location and meteorological conditions. A PVEGS prototype 
was implemented in Ipoh using the sizing recommendations provided by the 
simulation program. The prototype comprises the PV array, charge controller, battery, 
inverter, DC and AC load. The electricity supply required by the load is generated by 
the PV array when illuminated. The PV array is connected to the charge controller that 
manages proper charging of the batteries and flow of electricity into DC load. Excess 
electricity generated by PV array is stored in batteries. The inverter converts DC 
electricity into AC electricity to power the AC load. The simulated performance of the 
PVEGS prototype had an 84.1% correlation with the prototype performance. The 
simulated performance correlated reasonably well with the performance of the 
prototype. All the objectives of this research work have been successfully met. 
6.2 Future Work 
The stand-alone PVEGS supplied load during sunlight hours and used stored energy 
from the battery to supply the load when sunlight is insufficient. Integration of the 
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stand-alone PVEGS with the transmission grid would be a good improvement and will 
allow the existing system to be upgraded. The excess electricity generated by the PV 
array could be fed into the grid and sold for value once the FiT is enforced. The 
electromechanical tracking system could also be integrated into the PVEGS 
installation to increase the amount of irradiation captured on the surface of the array. 
The implementation of a larger PVEGS prototype would allow the MPPT charge 
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